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The finite reserves of petroleum are driving renewed interest in technologies 
that allow for sustainable production of energy. There are a wide variety of tech-
nologies with well-developed infrastructure like the oriented strand board (OSB) 
industry, which could be used as launch point for developing biorefineries.  
The effects of hot water extraction (HWE) on two hardwood species (Acer 
rubrum, Populus tremuloides) and softwood species (mixture of southern yellow 
pine, Tsuga canadensis) were studied. The HWE resulted in a weight loss (WL) 
that increased as the severity factor (SF) was extended. Hardwood had the biggest 
WL values at equivalent extraction conditions. The extract contained a mixture of 
primarily hemicelluloses with some acetic acid and lignin.  
Select volatile organic compounds from the hot pressing of OSB panels 
were reduced by HWE of the strands. A clear advantage with extracted OSB pan-
el (softwood or hardwood) for structural use is the improved dimensional stability 
and physical properties obtained as SF was increased.  
The mechanical property (MP) of composite for softwood was enhanced 
while for hardwood was reduced. Substantial improvements in MP were obtained 
  
at the intermediate SF (12% WL). When SF was extended beyond the optimum 
MP declined as measured by a cell wall test in both species. These changes are 
hypothesized to due to an increase in the percent crystallinity of cellulose. The 
increase in crystallinity was correlated to the MP, but the effect was less than of 
SF. Mechanical response was also affected by chemical component changes, mi-
cro-buckling, the reduction in moisture content and the reduction adhesion prop-
erties.  
Dispersive surface energy of red maple increased with SF due to extrac-
tive removal while that the contact angle measurement showed rapid penetration 
of probe liquids due to increases of porosity as a result of mass removal at high 
extraction conditions (over 15% WL). Basic characteristic related by IGC mea-
surements could directly affect the chemical reaction between the resin and wood 
elements of hardwood species. For all these reasons, the recommended extraction 
for softwood should be below 12% WL and an improvement of resin system for 
hardwood species. The ability to manufacture lower density panels with same size 
and mechanical properties appears feasible to compensate for the material ex-
tracted. 
 
Keywords: Crystallization, hot water extraction (HWE), physical, mechanical, 
and adhesive properties, select volatile organic compounds, weight 
loss (WL).    
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Chapter  
1. INTRODUCTION 
1.1. Motivation 
Since that the first oil well in the world was drilled in Pennsylvania in 
1859, the world has been depleting the finite supply of oil. Fossil fuels are classi-
fied as non-renewable resources because they take millions of years to form, and 
reserves are being depleted much faster than new ones are being found. The world 
economy depends on fossil fuel, but the recent increases in the price of petroleum 
and concerns regarding climate change due to carbon emission are focusing re-
search on providing renewable sources of materials and energy from sustainably 
managed forest and other biomass feedstocks.  
Biorefineries use biomass from grains such as corn, wheat, barley, oils, 
sugar cane, and agricultural residues. But the use of grains, oils, and sugar cane 
for energy reduces their availability for use as food or animal feed. Biofuel from 
wood does not dismiss the world’s food supply and is a good source of biomass 
raw material. The utilization of wood in biofuel will not be viable economically 
unless the remaining solids are used for other goods (Lasure and Zhang 2004) or a 
dramatic energy prices increase.  
The current global forest product industry currently produces materials 
such as lumber, pulp and paper, wood composites, etc. Also, they produce energy 
 2 
 
used within the manufacturing plant and for home heating (e.g. pellets). The con-
cept of forest bio-refinery can be applied by a modification or incorporation of 
sugars extraction and its fermentation within the traditional forest industry to en-
hance the profitability of wood products and biofuels. Although cellulosic bio-
mass is abundant, 370 million dry tons per year forest-derived biomass harvested 
in the U.S. (Perlack et al 2005), it is a complex feedstock that requires more ex-
tensive processing than corn grain, the primary feedstock for fuel ethanol produc-
tion in US. Scientific breakthroughs are needed to make cellulosic ethanol pro-
duction cost-efficient enough to operate on a commercial scale.  
Cellulosic ethanol is a rapidly emerging and attractive biofuel and is the 
focus of research projects in US and in others countries like Chile, Brazil (RI-
SIINFO.com 2009). Those strategic projects are leading to new business models. 
The Department of Energy (DOE) has funded three pulp and paper mill projects 
and all three are expected to produce biofuels as soon as 2009 (RISIINFO.com 
2009). The OSB industry is also a potential candidate for combination with biore-
fining. Since its introduction, OSB has been widely accepted and has virtually re-
placed other building panels in new residential construction in many areas in 
North America and others countries.  
1.2.   Advantages of Biofuels Production from OSB using HWE 
OSB is a performance-rated structural panel engineered for uniformity, 
strength, versatility, and workability. It is utilized internationally in a wide array 
 3 
 
of applications including commercial and industrial buildings, residential con-
struction, packaging, furniture, and others products.  Production trends in the for-
est products industry indicate less production of structural plywood and increases 
in production of OSB (Adair 2004). In 2006, OSB production in North America 
exceeded 25.5 million m3 (Dixon 2008). Additionally OSB strands have a thick-
ness between 0.6 to 1.1 mm that minimizes the mass transfer resistance of the dis-
solution of hemicelluloses (Chapter 3). There is considerable interest in removing 
hemicelluloses from OSB using a hot water extraction (HWE) process to provide 
a feedstock for production of biofuels. The remaining material, mostly cellulose 
and lignin, can be used to manufacture OSB panels (Chapter 3 and 6).   
In an OSB mill, the HWE process would need to take place between the 
strander / screener and dryer (Figure 1).  
 
Figure 1 OSB process modified by hot water extraction. 
A typical OSB mill generally uses aspen or southern yellow pine (mostly 
Pinus taeda). Both species have an average density of 470 kg/m3 at 12% moisture 
content (Forest Products Laboratory 1999). An OSB-making facility is capable of 
turning out 22 million m3/year (775 million square feet per year). Extraction of 
10% would translate to a production of 1147.5 million kg of feedstock material. 
Based on experimental results of this experiment (Chapter 6), 80.5% of the com-
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pounds removed by HWE are hemicelluloses. Assuming a modest conversion rate 
from hemicellulose sugars of softwood to ethanol of 0.35 kg ethanol/kg hemicel-
lulose (Jeffries 1985), around 323.3 million kg of ethanol could be annually pro-
duced. Based on the density of ethanol (789.9 kg/m3), the result would be 409.3 
million liters (2.6 million barrels) of ethanol.  
After hot water extraction, the remaining wood would be 10,327.5 million 
kg (10% less) to manufacture OSB panels. However, the MOE of extracted ma-
terial increases at least 20 % at severity factor (SF) of 3.56 (Chapter 6 and 7).  
Therefore, a new panel made from HWE strands of the same size and stiffness 
would require less wood because of the reduced density of HWE panel. The den-
sity for an HWE panel would be 8.6% less than the current panel density. This 
value was obtained by assuming equal stiffness of an actual and extracted panel. 
The extracted OSB panel could reduce transportation cost due to the reduced 
weight.  
Additionally, this investigation on OSB proved an increase in dimensional 
stability, which is an improvement for OSB panels. Traditional panels create more 
swelling stresses and bond breakage than the extracted panels (Chapter 3, 5, and 
6). HWE also reduces VOC emissions during pressing which are primarily pro-
duced through the decomposition of hemicelluloses (Chapter 6).  
Bond quality of HWE panels is best at moderate SF (around 10% weight 
loss). As SF increases beyond the optimum, internal bond performance declines 
(Chapter 3, 4, and 6).   
 5 
 
1.3. Research Overview and Objectives 
The goal of this study was to analyze the influence of hot water extraction 
on physical, mechanical, and adhesion properties of wood and resultant OSB pa-
nels. Determination of the chemical composition of the extracted compounds is 
the focus of a comparison study. Conversion of the extract to ethanol is not within 
the scope of this study. The study also was intended to determine optimum extrac-
tion conditions for OSB performance. 
The aim of this work can be summarized by the following objectives: 
1) Evaluate the influence of extraction time, species, tree source, and strand thick-
ness on weight loss (WL) of OSB strands. This was accomplished for four spe-
cies: red maple, aspen, mixture of southern yellow pine, and hemlock (Chapter 
3 - 7).  
2) Characterize the effect of hot water extraction on sorption isotherms of treated 
wood. That was done for two wood species; aspen (hardwood) and hemlock 
(softwood) (Chapter 5). 
3) Characterize the effect of hot water extraction on OSB strand surfaces.  This 
was done for red maple (Chapter 4). 
4) Determine the influence of hot water extraction on the physical and mechanical 
properties of OSB panels. This was done for two wood species: red maple and 
southern yellow pine (Chapter 3 and 5). 
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5) Evaluate the effect of hot water extraction on the cell wall and strand mechani-
cal properties. This was done for two wood species: aspen (hardwood) and 
hemlock (softwood) (Chapter 7). 
6) Determine the influence of hot water extraction on crystallinity of the native 
cellulose. This was accomplished for three wood species: red maple, aspen and 
hemlock (Chapter 7). 
7) Determine the influence of hot water extraction on select volatile organic com-
pound emissions during pressing. This was done for southern yellow pine 
(Chapter 6). 
8) Evaluate the influence of hot water extraction on bond quality of OSB. This 
was done for red maple and southern yellow pine (Chapter 3 and 6). 
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Chapter  
2. LITERATURE REVIEW 
2.1. OSB as an Engineering Wood Product 
2.1.1. Manufacturing 
Oriented strand board (OSB) is a structural panel product that is manufac-
tured in wide mats of nearly rectangular wooden strands that are compressed and 
bonded together with wax and resin adhesives. The strands are oriented, not ran-
domly placed, to create a final panel product that can be used for structural appli-
cations. Panels are normally produced in 4 x 8 foot sheets. The production of OSB 
is actively being further developed worldwide. OSB is steadily replacing such materials 
as plywood and particle board, which are traditionally used in the construction of houses, 
and in the packaging industry and in furniture production (Adair 2004). 
According to Adair (2004), by 2009 OSB production is expected to grow to near-
ly 62% of the North American structural panel market share. OSB capacity was estimated 
at 26,644 million square feet (3/8”basis) for U.S. and Canada, a total increase of 29% 
over 2000 (Adair 2004). In the OSB industry, the price and demand is volatile due to a 
maturing product, increasing competition from imports, and the fall of housing construc-
tion (Dasmohapatra and Smith 2008). There is a necessity for product improvement and 
differentiation. 
2.1.2. Properties 
The finished product of OSB has similar properties to plywood (Fisette 
2005). As a substitute for structural plywood, the OSB has a disadvantage due to 
its dimensional instability (Zhang et al 2007). Several studies have been done on 
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the influence of various factors on dimensional stability of OSB, such as resin 
level (Gardner et al 1990), mat moisture content (Rowell et al 1986), board densi-
ty, and other chemical treatments (Youngquist 1986). The two most common 
means of improving the dimensional stability of OSB are resin addition rates and 
wax (Zhang et al 2007). Gu et al (2005) studied the physical properties of 9 OSB 
mills. In their study, Gu et al used selected OSB flooring panels (23/32 in.) and 
followed the ASTM D1037 test method. Table 1 shows the results of thickness 
swell (TS) and water adsorption (WA).  
Table 1 Physical properties of commercial OSB (Gu et al 2005). 
Wang et al (2004) studied the mechanical properties of 14 OSB mills, the 
results of this study are shown in Table 2. It was found that among the mills there 
were differences in the mechanical properties, but they exceeded the CSA 0437 
Standard. 
Table 2 Mechanical properties of commercial OSB (Wang et al 2004).  
Species 
MORa (MPa) MOEa (MPa) IB 
(MPa) Perpendicular Parallel Perpendicular Parallel 
Softwood 18 32 2417 5816 0.49 
Hardwood 16 35 2600 7067 0.47 
CSA 0437 Standard 12 29 1500 5500 0.34 
a MOE is the modulus of  rupture and  MOE is the modulus of elasticity.  
 
Species 
Thickness Swell (%) Water Adsorption (%) 
2 hours 24 hours 96 hours 2 hours 24 hours 96 hours 
Pine 4.06 11.92 20.49 11.08 29.32 56.53 
Hardwood 0.71 7.18 18.84 6.12 26.69 56.16 
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2.1.3 Environmental Impact 
There is some debate over the environmental impact of OSB. The produc-
tion method uses most of the wood from harvested trees, and small, young trees 
and faster growing species can be used. Kline (2005) studied the life-cycle inven-
tory of the manufacture of southeastern OSB. This study found a 71% yield. The 
remaining 29%, wood residue, was used as fuel (25%), or sold as co-products 
(4%). The manufacture of OSB required 54.4% of the total mill energy, but 90% 
of the total mill energy is generated from wood residue (Kline 2005). The remain-
ing of mill energy, 45.6%, was used in harvesting process.   
According to Kline (2005), the majority of emissions were generated dur-
ing the manufacture of OSB (Table 3). The emissions were comprised of CO2 (up 
to 78%), volatile organic compounds (up to 58%), and particulates (up to 62%).  
The emission of volatile organic compounds (VOC) and particulates to air in ply-
wood production are smaller than during OSB production (Kline 2005, Wilson 
and Sakimoto 2005).  
Table 3 Life-cycle inventory results for production of plywood and OSB 
emissions to air (Kline 2005, Wilson and Sakimoto 2005). 
Substance Plywood (kg/m3) OSB (kg/m3) 
VOC 0.15 112.40 
Particulates 0.07 31.70 
CO2 210.00 52.60 
2.2. Ethanol versus Gasoline Performance 
Carbon monoxide (CO), hydrocarbons and particulates are produced due 
to the incomplete combustion of gasoline (Jeoh 1998). However, ethanol has two 
 11 
 
main disadvantages compared with gasoline: (1) Ethanol is consumed at a greater 
rate than gasoline and (2) At temperatures below 15°C; ethanol causes problems 
to engine starting systems due to its low vapor pressure (Jeoh 1998).   
2.3. Biomass Extraction 
There are several treatment technologies to remove hemicelluloses from 
wood. These technologies were developed along two different routes. One route is 
based on the application of organic solvents (Jeoh 1998), with the other route 
based on steaming and aqueous treatment of lignocellulosic materials at elevated 
temperatures (Tunc and van Heiningen 2008). The treatments include steam explo-
sion, organic solvents, alkali, dilute acid, enzymatic, and hot water extraction or 
autohydrolysis (Jeoh 1998, Tunc and van Heiningen 2008).  
2.3.1. Hemicellulose Extraction Procedures 
Steam explosion was developed in 1925 by W. H. Mason for hardboard 
production (Jeoh 1998).  It is based on autohydrolysis of lignocellulosic materials 
at high temperatures (200 to 250 °C), followed by a rapid explosive discharge to 
disintegrate the substrate. The exploded wood can be separated into hemicellulose 
(by water extraction), lignin (by alcohol), and cellulose components (Lai 1990). 
This method of producing hemicellulose is already used on an industrial scale 
(Puls and Saake 2004). 
Enzymes can be used to hydrolyze wood carbohydrates by a group of en-
zymes. But this process is under development as the interactions during the 
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process are not completely understood (Jeoh 1998). Also, the recycling of the en-
zymes is difficult and is expensive (Sjöström 1993). 
Autohydrolysis, also called hot water extraction, is done at 140 to 190 °C 
using only water (Yoon et al 2006, Tunc and van Heiningen 2008). The objective 
is to extract hemicelluloses, but the lignin is also solubilized in the process (Tunc 
and van Heiningen 2008). During the autohydrolysis process, the pH of extracted 
liquid decreased to a range of 3 – 4, due to acetic acid that is released from acety-
lated polysaccharides (Brasch and Free 1965, Tunc and van Heiningen 2008). In 
this process, sugar dehydration reaction also takes place depending on the intensi-
ty of extraction level. Hydroxymethylfurfural and furfural are produced from 
hexose and pentose mono sugars, respectively (Tunc and van Heiningen 2008). 
2.3.2. Severity Factor 
The effect of time and temperature during pure water extraction on wood 
weight loss may be described by a single parameter, called severity factor (Brasch 
and Free 1965, Overend and Chornet 1987, Jeoh 1998, Mosier et al. 2002).  
Severity factor (SF) is based on the assumptions that the kinetics process 
is pseudo-first order, and obeys Arrhenius’s law (Overend and Chornet 1987, 
Jeoh 1998, Mosier et al. 2002):  
                   Eq.   1 
where: k is chemical reaction rate, A is the pre-exponential factor or Arr-
henius frequency factor, Ea is activation energy (kJ / kg mol), R is the universal 
gas constant (8.314 kJ / kg mol K), and T is absolute temperature (Brasch and 
Free 1965).  
 13 
 
The activation energy is the amount of energy required to ensure that a 
reaction occurs. The values of both the activation energy and the frequency factor 
for any reaction can be determined experimentally by measuring the rate of the 
reaction at several different temperatures. 
The temperature/time profiles are quantified by determining the associated 
severity factor (SF). 
           Eq.   2 
where: t is residence time (minutes), Tr is the reaction temperature (°C), 
and Tb is base temperature (100°C). The temperature difference is 14.75 (°C) de-
rived from , assuming that the overall process is hydrolytic and the overall 
conversion is pseudo first order (Overend and Chornet 1987, Mosier et al. 2002). 
Bonds on SF equation are from 0 (unextracted wood) to 4. This approach has 
been used to evaluate the effects of steam explosion pretreatments on biomass 
(Jeoh 1998). 
2.3.3. Effect of Species 
The loss of weight due to hydrothermal condition between species is dif-
ferent, but it is most remarkable between hardwood and softwood (Hill 2006). In 
hydrothermal conditions, hardwoods generally exhibited higher mass removal than 
softwoods (Hill 2006). That is mainly associated with two factors. First the hard-
woods are less thermally stable than the softwoods and second, the hemicellulosic 
content and composition is different (Ramiah and Goring 1967). Hemicelluloses in 
hardwoods have higher acetyl content than softwood and higher proportions of he-
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micelluloses in hardwoods are pentosans, which are more susceptible to thermal de-
gradation than hexosans (Fengel and Wegener 1984). 
2.3.4. Strand Dimensions 
The dimensions of the strand, specifically the thickness, are an important 
factor in the responses of wood to heat transfer (Hill 2006).  The thermal conduc-
tivity of wood is low and heat transfer into the interior may be improved using 
thin wood elements such as OSB strands. Thin OSB strands should also be easier 
to extract. 
2.4. Chemical Changes in Wood due to Thermal Modification 
The cell wall of woody plants is composed mainly of a group of naturally 
formed polymer substances. To understand changes in wood under the influence 
of heat and water conditions, it is important to know the basic characteristics of 
the components that constitute the wood structure. The gross division consists of 
polysaccharides (cellulose, hemicelluloses, starch, and pectin), lignin, and extrac-
tives (Fengel and Wegener 1984, Sjöström 1993). There also are a small percen-
tage of minor organic compounds called extractives and inorganic materials 
classed as ash, and water in liquid and vapor form (Table 4). 
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Table 4 Chemical components of the cell wall of normal wood (Panshin and 
de Zeeuw 1970, Sjöström 1993). 
Components Softwood Hardwood 
Cellulose 41 -42% 45% 
Hemicellulose 25 – 30% 28 – 35% 
Lignin 25 – 30% 18 – 22% 
Extractives 2.8% 2.7% 
The hemicelluloses are strongly associated (chemically and physically) 
with cellulose via hydrogen bonding and they are linked to lignin via covalent 
bonds (Fengel and Wegener 1989). More stable and common are the other linkag-
es between lignin and hemicellulose, specifically the ester and ether linkages be-
tween lignin and arabinose, galactose or xylose (Sjöström 1993).  
Wood is a complex material with chemical composition differences from 
tree to tree and within single trees. Extensive research has been carried out on 
within tree variations, such as fiber properties, wood chemical and physical prop-
erties, and pulping evaluation (Timell 1986, Zobel and van Buijtenen 1989, Hat-
ton and Hunt 1993, Bertaud and Holmbom 2004, Zhu et al 2005). From the pith to 
the bark, the cellulose content increases with a maximum during the period of ma-
ture growth of the tree but decreases again as the tree becomes over mature (Pan-
shin and de Zeeuw 1970, Wilkes 1987).  
According to Yeh et al. (2006), the chemical composition of juvenile 
wood, mature wood, and compression wood of loblolly pine (Pinus taeda L.) is 
different. The major difference in sugar content is found between compression 
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wood and normal wood. Compression wood contains more galactose and less glu-
cose and mannose compared to both juvenile and mature normal wood.  
2.4.1. Cellulose 
Cellulose is a highly stable homo polysaccharide of β-D-glucopyranose 
chains (Figure 2). This two-sugar unit, called cellobiose, has at least 9,000 to 
12,000 units, which are linked together by (1→ 4) - glycoside bonds (Rowell 
2005).  
 
Figure 2 Chemical structure of cellobiose (adapted from Rowell 2005).   
Cellulose molecules are completely linear and have a strong tendency to 
form intra- and inter-molecular hydrogen bonds (Fengel and Wegener 1984, 
Sjöström 1993). The cellulose chains further aggregate into alternating highly or-
dered regions (crystalline) and amorphous regions in a manner described by the 
fringed micelle (Fengel and Wegener 1984).  
Approximately 100 cellulose chains form highly ordered structure called 
elementary fibrils or micelles. Groups of 20 micelles arranged into bundles, are 
called microfibrils. Then 250 microfibrils form one fibril or macrofibril. The fi-
brils are highly ordered in the crystalline region (approximately 65% of the cellu-
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lose), whereas they are less ordered in the amorphous regions (Fengel and We-
gener 1984). Generally, the degradation of cellulose occurs at a higher tempera-
ture than hemicelluloses. However, some degradation will occur at lower tem-
peratures at a much slower rate that the hemicelluloses (Hill 2006). In the pres-
ence of water, thermal degradation of cellulose is reduced due to the crystalliza-
tion process of the amorphous regions (Fengel and Wegener 1984). When wood is 
heated in air, the degree of polymerization (DP) is reduced at temperatures above 
120°C (Fengel and Wegener 1984). 
2.4.2. Hemicellulose 
Hemicelluloses are amorphous biopolymers, relatively easily hydrolyzed 
by acids to their monomeric components consisting of D-glucose, D-mannose, D-
galactose, D-xylose, L-arabinose, and small amounts of L-rhamnose in addition to 
D-glucuronic acid, 4-O-methyl-D-glucuronic acid, and D-galacturonic acid 
(Sjöström 1993).They are derived from enzymatic transformations of UDF- glu-
cose (uridine diphosphate glucose) or GDP- glucose (Fengel and Wegener 1984).  
In softwood, the major hemicellulose component is galactoglucomannans 
(about 20%) with a degree of polymerization (DP) of 100 units (Sjöström 1993). 
There are two different galactose fractions: (1) the low-galactose fraction has a 
proportion of galactose: glucose: mannose of 0.1: 1: 4; and (2) the high-galactose 
fraction has a proportion of 1:1:3 (Rowell 2005). In C-2 and C-3 positions of the 
backbone polymer have acetyl groups (Figure 3). 
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units. For every 10 xylose units are 7 acetyl groups and one 4-O-methyl-α-D-
glucuronic acid (Figure 5). Glucomannans are found in lesser amounts in hard-
wood (2-5% of the wood) with about 1:1-2, glucose:mannose (Sjöström 1993). 
 
Figure 5 Structures of the major hardwood hemicelluloses (adapted from 
Sjöström 1993). 
Other polysaccharides are arabinogalactans, callose, and starch. Arabino-
galactans found in the heartwood of larch (Larix ssp.). Callose is found in barks 
and pectin is found in the first cell wall, but they vary tremendously with species. 
And starch found in parenchyma cells of wood tissue (Sjöström 1993). 
 20 
 
In the thermal degradation of wood, the hemicelluloses are degraded to a 
greater extent than the other polymers of wood (Stamm 1964). In presence of wa-
ter at temperature above 140ºC, the hemicelluloses are extracted in the greatest 
amount of all carbohydrates (Tunc and van Heiningen 2008). When wood is 
heated in water, formation of organic acids, primarily acetic and formic acid oc-
curs. These are formed by hydrolyzed of hemicelluloses (Mitchell 1988, Tunc and 
van Heiningen 2008). Also, 4-O-methylglucuronic and galacturonic acid can be 
formed during the hydrolysis of wood (Sundqvist et al 2006). Acid formation in hot 
water conditions for softwood species is due to the acetic groups found in the C-2 
and C-3 positions of the glucose and mannose units of galactoglucomannan, com-
prising 5 -10% of the weight of wood, with an average of one acetyl group for every 
four backbone units (Sjöström 1993).  
In hardwood species, the major hemicellulose (20-30% of the wood) com-
ponent is xylans. On average in hardwoods, 7 acetyl groups for every 10 xylose units 
are contained at C-2 or C-3 (or both). 4-O-methylglucuronic acid group are also 
linked 1 - 2 to the xylose backbone (Sjöström 1993).  Sundqvist et al (2006) reported 
that high concentrations of formic and acetic acid were formed during hydrothermal 
treatment of birch at 160-200°C, finding the maximum concentrations at 180°C and 
after 4 h of treated of 1.1 and 7.2%, oven dry basis, respectively. Acetic acid is 
formed from acetyl groups as a result of wood degradation. This is split off, when 
wood is exposed to high temperature for a long time at hydrothermal conditions 
(Hill 2006, Sundqvist et al 2006). The origin of formic acid is not clear. According 
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to Sundqvist et al (2006), formic acid can come from formate esters in the wood 
while others researchers suggest that it is originated from carbon 1 of the glucose 
units and methanol (Garrote et al 1999, Hill 2006, Borrega and Kärenlampi 2008).   
2.4.3. Lignin 
Lignin is a polymer of phenyl propane units (Figure 6), generated from D-
glucose through complex reactions catalyzed by enzymes (Sjöström 1993). As 
part of the microfibril structure, lignin is located in the spaces between and around 
cellulose and hemicellulose polymers. The presence of lignin greatly limits acces-
sibility to the cellulose and hemicellulose polymers (Jeoh 1998). 
 
Figure 6 The three common building block structures of lignin (Adapted from 
Sjöström 1993). 
Lignin is removed as a by-product of several pulping process and it is 
burned as a fuel for boilers producing steam and/or power. The lignin also has 
other applications: cements, drilling mud, substitute for phenolic resins, emulsifi-
ers, etc. (Sjöström 1993). The use of lignin from pulping is limited by the sulfur 
content.  
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During hot water extraction (HWE) a small amount of lignin also is re-
moved from wood (Tunc and van Heiningen 2008). The loss of hemicelluloses dur-
ing HWE leads to a relative increase in the lignin content of the extracted wood. 
Generally, lignin is accepted as the most thermally stable component of wood, but at 
low temperatures, the thermal degradation of lignin can occur (Hill 2006). 
2.4.4 Extractives 
Extractives are minor non-structural constituents of wood. The extractives 
of wood generally are divided into three groups; aliphatic compounds (fats, wax-
es), terpenes and terpenoids, and phenolic compounds (Sjöström 1993). Certain 
extractives are water-soluble such as carbohydrates, tannins, and inorganic salts 
(Sjöström 1993). Other extractives can be only extracted using organic solvents 
such as ethanol, acetone, or dichloromethane (Sjöström 1993).  
2.4.5. Crystallization 
Cellulose is a completely linear polymer with tendency to form intra- and 
intermolecular hydrogen bonds (Sjöström 1993). The linear chain molecules of 
celluloses are aggregated together in form of highly ordered arrays (crystalline) 
regions that mix with less ordered (amorphous) regions (Sjöström 1993). The 
crystalline regions are surrounded by a hemicellulose and lignin matrix (Hermans 
and Weidinger 1949, Thygesen et al 2005). The amorphous portions of the micro-
fibril, which lack the hydrogen bonding and regular structure found in their crys-
talline counterparts, are thought to separate these cellulose crystallites (Howell et 
al 2007).  
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The cross-sectional width of the crystalline regions was determined using the 
Scherrer formula (Equation 4).  
                             Xs = 0.9 λ / B cos θ        Eq.   4 
 
where Xs is width (nm), λ the wavelength of the X-ray source, B is the full 
width at half maximum of the peak (rad, Figure 8), and 2θ the angle between the 
source and the sample (rad). 
 
Figure 8 The typical curve of θ - 2θ scan. 
The initial stages wood heat treatment had been found to cause an increase 
in the degree of crystallization and the width of the crystal, but when the time of 
heating was extended, both decrease (Hill 2006). Bhuiyan et al (2000) studied the 
effect of heat treatment on wood under moist and dry conditions for wood cellulose 
and pure cellulose. It was found that the pure cellulose had the same crystallization 
in both conditions while wood cellulose experimented greater crystallization than 
pure cellulose under both conditions. The changes in crystallinity were explained as 
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crystallization of hemicelluloses and quasicrystalline structures of cellulose by Ding 
and Himmel (2006) rather than a loss of amorphous material (Hill 2006). 
2.5. Physical Changes in Wood due to Thermal Modification 
Over the last 50 years, heat treatment of wood has been considered as an 
effective method to modify wood (Stamm et al 1946, Seborg et al 1953). These 
treatments aim to improve hygroscopicity and dimensional stability (Stamm et al 
1946, Seborg et al 1953). Stamm et al (1946) reported that the anti-shrink effi-
ciency (ASE) of softwood increased both with temperature and time of treatment.  
The change in dimensional stability is dependent upon the environment employed 
(Seborg et al 1953). Wood heated in air has been found to exhibit greater reduc-
tions in ASE compared with others as such nitrogen or water (Hill 2006).  
When weight loss (WL) as result of heat treatment was plotted against 
ASE, the maximum ASE value was found approximately at 20% WL (Hill 2006). 
After this point, the wood was deteriorated in an open system in air (Hill 2006). 
The increase in dimensional stability had been primary attributed to the loss of 
hemicelluloses (Burmester 1975).  Theoretically, the available OH groups in he-
micellulose have the most significant effect on the physical properties of wood. 
Heat treatment lowers water uptake and wood cell wall absorbs less water because 
of the decrease of the amount of wood’s hydroxyl groups (Pétrissans et al 2003). 
As a consequence of the reduced number of hydroxyl groups, the swelling and 
shrinkage are lower (Repellin and Guyonnet 2005).  
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Hydrothermal treatment causes a reduction in the hysteresis of sorption-
desorption curves and changes the shape of the sorption isotherms to more linear 
than the unmodified wood (Hill 2006). In addition, wood subjected to heat treat-
ment had a reduction in fiber saturation (Repellin and Guyonnet 2000). The re-
duction in wettability was attributed to migration of extractives to the surface of 
wood, when it is exposed at higher temperatures (Hill 2006).   
2.6. Mechanical Changes in Wood due to Thermal Modification 
The increase of temperature affects the plasticity of the lignin which re-
sults in an increase in spatial size and reduces intermolecular contact (Rowell 
2005). This effect can be recoverable or permanent depending on temperature and 
its duration (Rowell 2005).   At the molecular level (Figure 9), the application of a 
load to the wood at room temperature results in breaking, sliding, and reforming 
of hydrogen bonds between and within polymers (Rowell 2005). 
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decreased in air. Under moist conditions, the MOE had a slight increase in short 
heating periods at 150 ºC (Mitchell 1988).   
2.7. Surface Modification in Wood due to Thermal Modification 
Engineered wood composites require the use of adhesives to bond wood 
components. In the manufacture of an OSB panel, adhesive is added at a rate of as 
little as 2% of oven dry weight. For this reason, the thickness of adhesive bond 
line is uneven and discontinuous (Conrad et al 2004).  
Adhesive penetration and surface energy are the two main wood-related 
factors that control adhesive performance. During the exposure of wood to higher 
temperatures a reduction occurs in OH content due to the chemical modification 
of the wood, which causes a reduction in the surface energy (Hill 2006). This re-
duction relates to failure in bonded material as a result of weak joints. Due to 
changes the wettability of the material.  
The phenomenon of wetting relates the spontaneous spreading of a liquid 
on a solid surface when the surface energy is favorable (Pocius 2002). It is known 
that heat and moisture cause changes in the wood structure by oxidation and de-
composition of wood polymers influencing the wettability of wood (Varga and 
van der Zee 2008). Bengtsson et al (2003) studied glulam samples made from 
heat-treated wood bonded using either phenol–resorcinol-formaldehyde (PRF) or 
polyvinylacetate (PVA). It was found that the PRF sample had good performance, 
but the PVA samples were poor.  
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In addition, when the wood is subjected to high temperature, the extrac-
tives migrate to the wood surface. This is a cause of surface inactivation, a loss of 
wetting (Kamke and Lee 2007).  This extractive migration is seen in severe drying 
procedures (Kamke and Lee 2007).  
2.8. Conclusion 
A review of the literature on wood modification during thermal treatment, 
with a focus on OSB and the hemicelluloses extraction, has been presented. The 
influence of the temperature on wood properties has been studied for several dec-
ades. The influence of hot water extraction on OSB properties received little at-
tention in literature thus far.  
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Chapter  
3. INFLUENCE OF HOT WATER EXTRACTION ON THE 
PHYSICAL AND MECHANICAL BEHAVIOR OF OSB 
3.1.  Chapter Abstract 
This study evaluated the influence of hot water extraction on hemicellu-
lose removal, the concomitant change in wood properties, and finally production 
of oriented strandboard (OSB) from the modified wood.  
Three red maple (Acer rubrum L.) trees were felled, debarked, and their 
butt logs used to produce strands of 4-in length with a target thickness of either 
0.025 inches, 0.035 inches, or 0.045 inches. Two hot water extraction procedures 
(320°F, 90 psig) of 45 and 90 minutes duration (plus 50 minutes of preheating) 
were used, resulting in an average weight loss of 16.4 and 17.2 percent, respec-
tively. Weight loss was significantly influenced by extraction time (p = 0.0011) 
and tree source (p = 0.0001) while the influence of strand thickness was not statis-
tically significant (p = 0.1026).  
One OSB panel (17.6 inches by 12.4 inches by 0.5 inches) was manufac-
tured for each of the 27 material combinations (2 extraction conditions and unex-
tracted control, 3 trees, and 3 strand thickness). Panels were blended individually 
with a resin load of 3.2 percent pMDI resin, no wax, and an average density of 
41.8 pcf (test volume basis). Physical and mechanical properties were determined 
following ASTM D1037–06A procedures.  
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Water absorption by OSB produced from both extraction treatments was 
significantly higher than the control for both 2 and 24 hours immersion while the 
thickness swell of panels from extracted material was slightly improved after 24 
hours. 
The modulus of rupture (MOR) was not statistically significantly different 
between the control (5,966 psi) and the 45 minutes of extraction time (6,162 psi) 
panels, while the 90 minutes extraction time was significantly lower (4,093 psi). 
Internal bond strength in dry conditions from both extraction times (29 and 45 
psi) were significantly lower than the control (117 psi), and similar results were 
obtained in wet condition (35 and 15 psi). 
Keywords:   Weight loss, hot water extraction, water absorption, modulus of rup-
ture (MOR), internal bond (IB). 
3.2.  Introduction 
Biorefineries use biomass derived from grains such as corn, wheat, and 
barley, as well as oils, sugar cane, and agricultural residues to produce multiple 
products including ethanol, glycerol, etc. However, the use of grains, oils, and 
sugar cane for energy production reduces their availability for use as food or feed. 
Wood (approximately 45 percent of which is cellulose) is an attractive feedstock 
for the production of biofuel, but the utilization of wood for biofuel has not been 
economically viable, unless subsidies are provided, in part due to the fact that the 
remaining solids are not used for other goods (Lasure and Zhang 2004). 
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Economical conversion of wood into useful chemicals requires efficient 
use of all major wood components: cellulose, hemicellulose, and lignin. Hemicel-
lulose is the most easily removed of the three major biopolymers since it is an 
amorphous and branched polysaccharide. The incorporation of hemicellulose ex-
traction within the context of pulp production has been extensively studied. The 
Department of Energy (DOE) has funded a demonstration project with the stated 
goal of producing 2.2 million gallons of ethanol from 80 tons per day of hemicel-
lulosic extract (RISIINFO.com 2008). The OSB industry is also a potential candi-
date for this technology as it is composed of large centralized facilities. Addition-
ally, the mass transfer of hemicelluloses is facilitated when using thin wood ele-
ments such as OSB strands. The demand and production of OSB panels in North 
America have significantly increased, with an estimated 2008 annual production 
of 15.6 million tons (26,232 million ft2, 3/8-inch basis) (Adair 2004). 
If 15 percent of the weight of this material were extracted, the result would 
be 2.3 million tons of feedstock material. Considering that 87 percent of the com-
pounds removed is xylose (Boussaid et al 1998), and assuming a modest conver-
sion rate from xylose to ethanol of 0.35 tons ethanol/tons xylose (Jeffries 1985), 
around 0.71 million tons of ethanol could be produced. Based on the density of 
ethanol (49.25 pcf) and volume conversion of one-cubic foot is 0.178 barrels, the 
result would be 5.7 million barrels of ethanol. 
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3.3.  Background 
The main chemical structure of hemicelluloses was identified over 40 
years ago (Shimizu 1990). Hemicelluloses are amorphous biopolymers, hetero 
polysaccharides, relatively easily hydrolyzed by acids to their monomeric compo-
nents consisting of D-glucose, D-mannose, D-galactose, D-xylose, L-arabinose, 
and small amounts of L-rhamnose in addition to D-glucuronic acid, 4-O-methyl-
D-glucuronic acid, and D-galacturonic acid (Sjöström 1989, Shimizu 1990, 
Sjöström 1993). 
Two different routes for wood fractionation have been developed. Fractio-
nation refers to processes which separate wood into its biopolymeric constituents 
(cellulose, lignin and polymeric hemicelluloses). One route is based on the appli-
cation of organic solvents, originating in the pioneering work of Kleinert and von 
Tayenthal (Jeoh 1998). The second option is based on steaming lignocellulosic 
material at elevated temperature, which has been considered for biomass fractio-
nation for more than 30 years. 
Prehydrolysis is based on the high reactivity of hemicelluloses under mild-
ly acidic conditions without affecting the cellulose, with the objective of remov-
ing hemicelluloses from biomass materials by heating in water at 338°F (Lai 
1990). Autohydrolysis is a steam hydrolysis process at temperatures of 347 to 
428°F. The objective of fractionation with organic solvents or dilute alkali is to 
extract lignin, but hemicelluloses are solubilized in the process as well (Lai 1990). 
 38 
 
Steam explosion was developed in 1925 by W. H. Mason for hardboard 
production (Jeoh 1998). It is based on autohydrolysis of lignocellulosic materials 
at high temperatures (392 to 482°F), followed by an explosive rapid discharge to 
disintegrate the substrate. The exploded wood can be separated into hemicellulose 
(by water extraction), lignin (by alcohol), and cellulose components (Lai 1990). 
This method guarantees the availability of hemicellulose at an industrial scale 
(Puls and Saake 2004). 
In enzymatic hydrolysis, wood carbohydrates are hydrolyzed by a group 
of enzymes (Jeoh 1998). The recycling of the enzymes is difficult and their use 
thus expensive (Sjöström 1993). 
Other extraction processes include using hot water, where water and wood 
chips are placed inside a high pressure vessel at temperatures between 284 and 
374°F, and at different extraction times, generally ranging from 10 to 90 minutes 
(Yoon et al 2006). The effect of time and temperature during pure water extrac-
tion on wood weight loss may be described by a single parameter, using either the 
equations of H-factor or Severity factor (SF). 
3.4.  Materials and Specimens Preparation 
3.4.1. Material  
In February, 2006, red maple (Acer rubrum L.) trees were felled and cut 
into three logs (bottom, middle, and top), each part 4 foot in length (Figure 10). 
Each section was debarked mechanically with a chain saw rigged with a debark-
ing head. Strands were produced using a Carmanah 12/48 ring strander at three 
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target thicknesses (0.025 inches, 0.035 inches, and 0.045 inches), 4-inch length, 
and varying width.  
 
Figure 10 Three trees showing location of the test specimens. 
Strand thickness was determined with a Mitutoyo digital caliper with pre-
cision of 0.0001 inch. Strands were dried and conditioned using a dehumidifica-
tion dry kiln (100°F and 60 percent RH) for 5 days until constant weight was at-
tained. The extraction process would likely be conducted on green strands in in-
dustrial application. However, the strands were conditioned to prevent mold dur-
ing the 6-week period in which the extractions were performed. Additionally, it 
was necessary to know the MC of the wood prior to the extraction process in or-
der to maintain a liquid-solid ratio of 4 for all experiments (see following section). 
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The MC of the strands was 10.1 percent, determined by an Ohaus MB45 moisture 
balance with precision of 0.01 percent MC and 0.000035 ounce. 
3.4.2 Extraction Process 
Two hot water extraction procedures were applied to the strands. The 
strands (1.1 lb batches) were placed inside a high pressure vessel filled (Figure 
11) with fresh water subjected to a liquid-solid ratio of 4. The moisture in the 
wood was included in the ratio calculation. The vessel was heated from room 
temperature to 320°F in 50 min (preheating time), followed by constant tempera-
ture exposure times of 45 or 90 min. Three extraction runs were made for each 
material combination (two extraction times x three strand thickness x three trees) 
for a total of 54 samples. 
 
Figure 11 Digester (reactor) showing its main parts and sensors. 
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The temperature/time profiles of the two extraction conditions were quan-
tified by determining the associated severity factor (SF). 
Eq.   5 
 
where: t is residence time (minutes), Tr is the reaction temperature (°C), 
and Tb is base temperature (100°C). The temperature difference is 14.75 (°C) de-
rived from , assuming that the overall process is hydrolytic and the overall 
conversion is pseudo first order (Overend and Chornet 1987, Mosier et al. 2002). 
Bonds on SF equation are from 0 (unextracted wood) to 4. This approach has 
been used to evaluate the effects of steam explosion pretreatments on biomass 
(Jeoh 1998). 
Water temperature was measured before and after the heater element 
(Figure 11) at 3 s intervals. The severity factors (SF) calculated using Equation 5 
were 3.54 and 3.81 for the 45 and 90 min extraction times, respectively. SF asso-
ciated with first 50 minutes (preheating time) was 2.80. Weight loss of the strands 
as a result of the extraction process was determined for each extraction run by 
freeze drying (LABCONCO model LYPH-lock 6) the extracted liquid at -43.6°F 
and between 19 and 21 × 10−5 PSI vacuum. Every sample was weighed both be-
fore and after freeze drying treatment by a laboratory balance (A & D Phonix GH-
202) with readability of 2.2 × 10−8 pound. Equation 6 was used to determine the 
weight loss. 
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?
? Eq.   6 
where: %WL is the percent weight loss, S is the weight in pounds of solid 
fraction from the freeze drier, L is the weight in pounds of sample of extract put 
into the freeze drier (sample from E), E is the weight in pounds of liquid extract 
resulting from each extraction, and W is the weight in pounds of the oven dried 
wood. 
Analysis of the liquid extract (Jara et al 2006) showed that the pH de-
creased as the Severity Factor (extraction time) increased. This is consistent with 
generation of acetic acid. Jara et al (2006) found that arabinan, galactan, and ma-
nan were the hemicelluloses most extracted at a low SF of 2.8, but when the SF 
increases, arabinan began to degrade. Xylan is the most abundant hemicelluloses 
in red maple (Sjöström 1993), and this pentose sugar began to be removed after a 
SF of 3.3, extracting a significant portion, 65 percent on original sugar, until a SF 
of 3.7 (Jara et al 2006). 
3.4.3. OSB Manufacture 
Following extraction, strands were conditioned using a Nyle dehumidifi-
cation dry kiln. Unextracted (control) strands were conditioned at 100°F and a 
relative humidity (RH) of 60 percent for 5 days until constant weight was at-
tained. The extracted strands were exposed to a temperature of 100°F and 80 per-
cent RH for 5 days. The average MC of the control material was 10.4 percent 
while the extracted material had an equilibrium MC of 8.1 percent, even though 
exposed to a significantly higher relative humidity. 
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Material sufficient for the production of a single panel (2.81 lb dry weight 
basis) was placed in a spinning disk atomizing resin blender. Resin was applied 
using a disk speed of 12,000 rpm, a drum speed of 20 rpm, and a resin feed rate of 
2.7 ounce/min for a total blend time of 5 min. A polymeric diphenylmethane di-
isocyanate (pMDI) adhesive (Huntsman rubinate 1840) was added at a target 
loading of 4 percent solids content based on the ovendry weight of the wood. The 
actual resin loading was determined to be 3.2% based on nitrogen analysis of a 
sample of resinated strands. No wax was added. Panels were hand-formed using a 
thick galvanized steel caul plate sprayed with a mold release (Stoner E497) and 
forming box. The target panel dimensions were 17.6 in by 12.4 in by 0.5 in thick-
ness at a density of 41.8 pcf at 12% MC (Figure 12). 
 
Figure 12 Cut up plan for each OSB panel. 
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Press stops (0.50 in) were used to define the panel out-of-press thickness. 
A 400-ton capacity 2 ft by 2 ft hydraulic press (Erie Mill and Press) was used for 
panel manufacture. The press platen temperature was 350°F. The press schedule 
was a 30 s close time, followed by 5 min at target thickness, with a 30 s decom-
pression cycle. After pressing, the panels were edge trimmed and the thickness 
measured at the midpoint of each edge. The panels were then conditioned at 70°F, 
and a RH of 65% until constant weight was attained (42 days). Panels were then 
cut into test specimens (flexure, water absorption, and internal bond) following 
ASTM D1037–06A specifications (ASTM 2006). 
3.5. Results and Discussion 
3.5.1. Hot Water Extraction 
The influence of severity factor, tree source, and strand thickness on 
weight loss is summarized in Table 5. The weight loss response was analyzed 
with an analysis of variance model. The statistical model results presented only 
include main factor effects as the initial analysis indicated interactions between 
treatments was not significant. 
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Table 5 Influence of severity factor, tree source, and strand thickness on 
weight loss during extraction with associated 95% confidence inter-
vals. 
Factors/   
levels Count 
Mean COV 
p-value 
----- (percent) ---- 
Severity factor 
3.54 27 16.44a ± 0.33 7.10 
0.011 
3.81 27 17.17 ± 0.33 4.23 
Tree Source 
A 18 16.13 ± 0.40 7.78 
0.001 B 18 16.88 ± 0.41 4.71 
C 18 17.41 ± 0.41 3.90 
     
Strand thickness (inch) 
0.025 18 16.87 ± 0.40 6.70 
0.1026 0.035 18 17.05 ± 0.40 6.46 
0.045 18 16.50 ± 0.40 5.72 
a Mean value ± 2 SDs (95% confidence interval). 
 
The low level of influence of strand thickness on weight loss (p = 0.1026) 
was unexpected and it can be interpreted that diffusion phenomena is not a limit-
ing factor at the process conditions evaluated in this study. One would expect 
weight loss to decrease as thickness increases for a given extraction time. 
Extensive research has been carried out on within tree variations, such as 
fiber properties, wood chemical and physical properties, and pulping evaluation 
(Timell 1986, Zobel and van Buijtenen 1989, Hatton and Hunt 1993, Bertaud and 
Holmbom 2004, Zhu et al 2005). 
In a study of the hot water extraction behavior of Loblolly pine chips 
(Yoon et al 2006), extraction time and temperature were found to be directly pro-
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portional with wood weight loss. The integrated effect of time and temperature 
(severity factor) was significantly (p = 0.011) related to weight loss. A kinetics 
extraction rate analysis was beyond the scope of this study but rate of weight loss 
was clearly non-linear with minimal additional weight loss (0.73%) after the 45 
minutes extraction (SF 3.54). This indicates lower SF conditions should be ex-
plored. 
3.5.2. Physical Properties 
Physical properties evaluated in this research included density, condi-
tioned MC, and response of the material to water absorption following ASTM 
D1037–06A, Section 100–107, Method B (ASTM 2006). The initial density, MC 
after conditioning and after exposure to water is summarized in Table 6. While 
the material from a commercial OSB panel (PS 2–04, sheathing span 7/16 inches, 
manufactured in Virginia) had significantly higher density, the average density of 
the red maple panels fell within the range of values for commercial panels (Hood 
2004, Wang et al 2004). 
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Table 6 Density and MC of commercial, red maple control and extracted OSB 
panels. 
Material source Count Density   (pcf) 
MC  
Conditioned 2 hour 24 hour 
--------- (percent) --------- 
Commercial 8 44.62b ± 1.0 9.9 ± 0.2 17.4 ± 0.9 35.7 ± 2.3 
Control 9 40.3 ± 0.9 10.2 ± 0.1 17.8 ± 0.8 35.4 ± 2.2 
SF = 3.54 9 41.8 ± 0.9 6.2 ± 0.1 17.5 ± 0.9 37.1 ± 2.2 
SF = 3.81 9 41.4 ± 0.9 6.2 ± 0.1 17.0 ± 0.9 37.4 ± 2.2 
a Density defined as test weight over test volume after conditioning to 70 °F and 65%  RH. 
b Mean value ± 2 SDs (95% confidence interval). 
 
Panel thickness increase resulting from equilibration from out of press 
conditions to constant weight occurred within 7 days for OSB from extracted ma-
terial and was significantly less than that of OSB from unextracted strands (Figure 
13). Additionally, the EMC of the panels was lower than that of the control ma-
terial. This indicates that the removed polysaccharides were predominantly 
amorphous, as expected, and gives results similar to the theoretical behavior pre-
sented by Rowell and Banks (1985). 
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Figure 13 Stability dimensional determined by thickness swell is plotted for 
control and both severity factors (SF 3.54 and 3.81)  
Following panel equilibration to 70°F and 65% RH, the EMC of the OSB 
manufactured from extracted strands was significantly lower than both the control 
(unextracted) and commercial OSB panels (6.2, 10.2, and 9.9% MC, respective-
ly). However, this difference in MC did not carry through following exposure to 
liquid water (2 and 24 hour immersion), with no statistical difference exhibited. 
The elimination of MC differences after water immersion indicates an increased 
moisture uptake rate in OSB from extracted material. 
The thickness swell and water absorption determined after 2 and 24 hour 
water immersion, as specified in ASTM D1037–06A (ASTM 2006) is summa-
rized in Table 7 and 8.  
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Table 7 Multifactor analysis of variance for 2-hour and 24-hour thickness 
swell and water absorption (%) at 95 percent confidence level com-
paring between SF (control, SF 3.54 and SF 3.81), thickness (0.025 
inches, 0.035 inches, and 0.045 inches), and tree (A, B, and C). 
Source Degree freedom 
p-value 
Thickness swell Water absorption 
2 hour 24 hour 2 hour 24 hour 
Covariate 
MC initial 1 0.2441 0.2828 0.6034 0.0465 
Main effects 
A: SF 2 0.0333 0.4919 0.6690 0.0638 
B: Thickness 2 0.5993 0.3895 0.1946 0.1847 
C: Tree 2 0.6548 0.3436 0.1066 0.1359 
Interactions 
AB 4 0.5847 0.4517 0.3402 0.4574 
AC 4 0.1452 0.1580 0.1295 0.1454 
BC 4 0.1386 0.3395 0.1716 0.2485 
 
Water absorption results after 2 and 24 hour submersion from 0.5 inch 
thick panels are within the range of values found by Brochmann et al (2004). Wa-
ter absorption after 24 hours was significantly greater for both severity factors, 
but the control and commercial panels showed no difference. The extraction time 
had a significant effect while strand thickness and tree source did not influence 
water absorption.  
The thickness swell results are slightly lower that the results found by 
Brochmann et al (2004) in OSB panels from aspen using a mixed PF and pMDI 
resin system. The thickness swell of the extracted material was slightly improved 
after 24 hours, with the commercial panel having the greatest thickness swell. 
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Thickness swell is the more critical value of the two in terms of field perfor-
mance. 
Table 8 2-hour thickness swell and 24-hour water absorption response of 
commercial, red maple control and extracted OSB panels. 
Material 
source Count 
Thickness swell Water absorption 
2 hour 24 hour 2 hour 24 hour 
----------- (percent) ----------- 
Commercial 8 1.8a ± 0.4 14.0 ± 1.2 6.9 ± 0.8 23.7 ± 2.1 
Control 9 1.2 ± 0.3 11.6 ± 1.1 6.9 ± 0.8 22.8 ± 1.9 
SF = 3.54 9 1.1 ± 0.3 10.5 ± 1.1 10.7 ± 0.8 29.1 ± 1.7 
SF = 3.81 9 1.8 ± 0.3 10.8 ± 1.1 10.1 ± 0.8 29.4 ± 2.3 
a Mean value ± 2 SDs (95% confidence interval). 
 
Thickness swell and water absorption are typically highly correlated. 
However, the relationship is changed when using extracted wood material. Pre-
vious studies have shown that extraction of hemicellulose from wood using high 
pressure steam caused a reduction in the thickness swell for both hardwood siding 
and wood (Lenic 1973, Myers 1982, Wang et al 2000). Hsu and Bender (1988) 
reported that hydrolysis of hemicellulose by high pressure steam reduced the 
thickness swell of particleboard and waferboard. The reduction in hygroscopicity, 
capillary flow, and dimensional movement is due to process of replacing acetyl 
groups in lignocellulosic materials with hydroxyl groups (Carll 1997), because of 
that those carboxylic acid groups are potential sites of ionic charge (Sjöström 
1989). Consequently, the actual fiber saturation is modified when the sugars are 
removed from the wood. 
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It is known that formic and acetic acid are formed during hydrothermal 
treatment or hot pressurized water at high temperatures (Alén et al 1985, Manni-
nen et al 2002, Sundqvist et al 2006, Hill 2006). In hardwoods the major hemicel-
lulose component are xylans, 20 to 30% of the wood and on the average, 7 acetyl 
groups for every 10 xylose units are contained at C-2 or C-3 (or both). As the 
wood is heated, the production of acetic and formic acid from hemicelluloses ori-
ginate a cellular breakdown production of condensable fractions, with loss of high 
portion of hemicelluloses, low percent of lignin, constitution water and volatile 
extractives (Hill 2006 and Jara et al 2006). In addition, thickness swell and water 
absorption are typically highly correlated. This decoupling is likely due to the in-
creased cell wall porosity from the extraction as well as the lower starting EMC of 
the extraction OSB. 
3.5.3. Mechanical Properties 
Mechanical properties which were evaluated included bending strength 
(MOR), bending modulus of elasticity (MOE), bending stress at proportional limit 
(SPL), and internal bond (IB) strength in both the dry and wet condition. All ma-
terial was evaluated as per ASTM D1037–06A procedures (ASTM 2006) after the 
OSB was equilibrated to constant weight. Test results are presented in Tables 9 
and 10. 
The red maple panels had greater MOE values than the commercial pa-
nels. However, a direct comparison of performance is of little value due to differ-
ences in resin, wax levels and species. There was a significant difference between 
the two severity factors for the red maple panels. The bending strength was simi-
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lar for the control and short extraction time panels while there was a significant 
decrease in MOR for long extraction. 
Table 9 Flexural and internal bond strength of commercial, red maple control 
and extracted OSB panels. 
Material 
source Count 
MOR MOE  SPL IB dry IB wet 
(psi) (ksi) --------- (psi) --------- 
Commercial 8 3,643a ± 1067 568 ± 81 2,200 ± 420 91 ± 23.6 23 ± 6.0 
Control 9 6,163 ± 636 1,018 ± 76 3,775 ± 396 117 ± 22.2 35 ± 5.6 
SF 3.54 9 5,966 ± 636 1,168 ± 76 3,976 ± 396 29 ± 22.2 15 ± 5.6 
SF 3.81 9 4,093 ± 636 936 ± 76 2,836 ± 396 45 ± 22.2 15 ± 5.6 
a Mean value ± 2 SDs (95% confidence interval). 
 
Table 10 Multifactor analysis of variance for mechanical properties at 95% 
confidence level comparing between SF (control, SF 3.54, and SF 
3.81), thickness (0.025 inches, 0.035 inches, and 0.045 inches), and 
tree (A, B, and C). 
Source Degree freedom 
p-value 
MOR MOE SPL IB_dry IB_wet 
Covariate 
MC initial 1 0.9248 0.5419 0.6792 0.2050 0.4137 
Main effects 
A: SF 2 0.0268 0.0317 0.0704 0.0036 0.0005 
B: Thickness 2 0.5452 0.5860 0.5992 0.1488 0.1064 
C: Tree 2 0.0819 0.0642 0.2011 0.8435 0.0364 
Interactions 
AB 4 0.9242 0.4780 0.8097 0.9831 0.9936 
AC 4 0.2521 0.3144 0.2352 0.9672 0.1688 
BC 4 0.4606 0.4089 0.6231 0.6285 0.6740 
 
The stress at proportional limit (SPL) behavior of the red maple OSB pa-
nels exhibited the same trend as MOR, i.e., control and low severity factor (3.54) 
 53 
 
panels were similar, with a decrease in performance at the high severity factor 
(3.81). 
In contrast, IB of the panels were significantly lowered at even the lower 
SF value. This was true for both wet and dry conditions. IB performance is highly 
correlated with the quality of the wood/wood bond. The resin content of the pa-
nels was determined to be lower than the target level (4%). However, this reduc-
tion was the same for the control and extracted samples and thus not a resin for 
the measured reduction. Using a sessile drop method, it was determined that Dii-
odemethane, distilled water, and ethylene glycol all penetrated into extracted 
strands as a significantly higher rate than into the unextracted wood. It has been 
shown that pMDI penetrates well into wood (Kamke and Lee 2007). It may be 
that the modification of the wood strands results in over penetration of the adhe-
sive, resulting in low wood/wood bond strength and hence lower IB. 
3.6. Conclusions 
A hot water extraction process carried out at high temperature (320°F) and 
pressure (90 psig) resulted in significant reductions in the wood weight. The ex-
tracted material from the red maple was primarily xylan with small amounts of 
lignin. As the extract is related both to temperature and time, a single measure 
(severity factor (SF)), was used to quantify both factors. 
The severity factor of the extraction process influenced the weight loss 
with mean values of 16.8% and 17.5% for SF 3.54 and SF 3.81, confirming the 
results of previous research that SF is proportional to weight loss. The significant 
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influence of tree source (16.5%, 17.3%, and 17.8% for trees A, B, and C) on 
weight loss is presumably due to the natural variability in the wood substance. 
Strand thickness in the range of 0.025 to 0.045 in had a less significant influence 
and weight loss (p = 0.1026) for the two extraction process conditions. The ex-
traction process had noticeable impact on physical and mechanical properties of 
OSB. Some physical properties were enhanced, such as dimensional stability in 
strand and panel thickness. 
Flexural behavior of the lower SF was equivalent to the control (unex-
tracted) condition but there was a statistically significant reduction at the higher 
SF value. This indicates that reductions in mechanical properties of the wood oc-
curred at the higher level, presumably due to hydrolysis of the cellulose. In con-
trast, significant reductions in IB occurred even at the lower SF, indicating a sig-
nificant impact on bond quality. The use of lower SF conditions may be warranted 
and the ability to counteract the reduced bond quality will likely be necessary. 
The use of extracted strands, produced at equivalent panel density, was associated 
with a higher compaction ratio as a result of the use the lower density furnishes. 
This may have counteracted marginal reductions in wood properties. Any influ-
ence on long-term performance of OSB due to the potential lower pH of the ex-
tracted material should also be considered. 
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Chapter  
4. SURFACE CHARACTERIZATION OF RED MAPLE STRANDS 
AFTER HOT WATER EXTRACTION 
4.1. Chapter Abstract.  
The conversion of carbohydrates from wood to make biofuels such as 
ethanol is a topic of widespread interest. A promising approach is the removal of 
the hemicellulosic wood component by extraction with subsequent conversion to 
biofuels, while continuing to produce forest products. The impact of extraction on 
wood strands for use in strand based composites was investigated.  
One tree of Red maple (Acer rubrum L.) was used to create strands 10.2 
cm long with a thickness of 0.9 mm. Three hot water extraction procedures at 
160°C, corresponding to severity factors (SF) of 2.71, 3.54, and 3.81 were used, 
resulting in an average weight loss of 5.7, 16.9 and 18.1%, respectively.  
SEM imaging of selected wood strands showed that pitting in the cell wall 
increased as SF increased. The distribution and size of the cell wall pore structure 
showed up to a 22.2% increase. The sessile drop method, using distilled water, 
diiodemethane, and ethylene glycol, indicated more pronounced liquid wetting 
and penetration as SF increased.  
Inverse gas chromatography led to the finding that dispersive surface free 
energy and acid base characteristics increase with SF. The extraction procedures 
should be kept below a SF of 3.54 to minimize changes in adhesion performance.   
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Keywords:   Contact angle, hot water extraction, porosity, surface energy, weight 
loss.    
4.2. Introduction 
Several procedures are available to extract hemicelluloses from the wood 
including: acid prehydrolysis (Carrasco and Roy 1992); autohydrolysis (Lora and 
Wayman 1980); steam explosion developed in 1925 by W. H. Mason for hard-
board production (Jeoh 1998); enzymatic hydrolysis (Sjöström 1993); and hot wa-
ter pre-extraction or hydrothermal process (Garrote et al 1999, and Yoon et al 
2006). As wood is progressively heated the results are (1) weight loss and (2) loss 
of bound water and water-soluble extractives (Seborg et al 1953, Stamm 1946, 
Hill 2006, Jara et al 2006). The presence of water or steam results in the forma-
tion of organic acids derived mostly from hemicelluloses that influence the pro-
duction of cellular breakdown products (Mitchell, 1988). Jara et al (2006) reported 
that the compounds removed from red maple by hot water extraction had a higher 
percent of hemicelluloses than lignin and extractives. The hemicelluloses have the 
ability to be fermented into ethanol (Fujita et al 2002, Badger 2002). The remaining 
material, mostly cellulose and lignin, can be used to manufacture other wood prod-
ucts such as pulp (Mao et al 2008), OSB, and particle board. 
The logical location for hot water extraction to take place in OSB manu-
facture would be between the strander and dryer. The pressurized conditions 
would significantly increase strand moisture content to near fully saturated condi-
tions. This would create the need for process water in an OSB/OSL facility. The 
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extract needs to be concentrated prior to fermentation (Dahlman et al 2007, Wood 
et al 2008). If that concentration occurred at the mill it could reduce water re-
quirements. Increased energy would also be required for drying, though signifi-
cant amounts of moisture may be flashed off as the strands exit the extraction unit 
at high temperature. The costs associated with these operations along with capital 
costs would need to be offset by revenue from the sale of the extract and cost sav-
ings in other portions of the production process (e.g. VOC control).       
In an earlier evaluation of the physical and mechanical properties of OSB 
produced from hot water extracted material (Paredes et al 2008), it was shown 
that extraction resulted in a significant decrease from 807 to 260 kPa in internal 
bond strength (IB) while maintaining flexural performance at weight losses of up 
to 17%. IB is often used to assess adhesion quality in OSB. Similar results were 
found by Bengtsoon et al (2003) when glulam specimens made from heat-treated 
wood bonded using phenol–resorcinol-formaldehyde or polyvinylacetate were 
tested. It is known that heat and moisture cause changes in the wood structure by 
oxidation and decomposition of wood polymers influencing the wettability of 
wood (Varga and van der Zee 2008). 
Contact angle, surface energy, porosity and microstructure evaluation can 
be used for understanding the wetting process between the wood strands and dif-
ferent liquid materials. Contact angle and surface-free energy information help to 
estimate the work of adhesion at the interface between wood and other materials 
(Gardner et al 1991, Lee et al 2007, Mills et al 2008).  
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This investigation was undertaken to elucidate changes in the cell-wall 
structure and surface energies, which may have contributed to the lowering of ad-
hesion strength. 
4.3. Experimental Procedure 
4.3.1. Hot Water Extraction of Wood 
One Red maple (Acer rubrum L.) tree, of 16.4 m height and 24.4 cm di-
ameter, was felled and debarked. A 1.2 m butt log was used to create 10 cm 
strands with a target thickness of 0.9 ± 0.05 mm using a 122 cm diameter ring 
strander.  After stranding, the material was conditioned at 38°C and a relative 
humidity (RH) of 60% for five days in a dehumidification kiln until constant 
weight was attained. This was necessary to determine the correct amount of water 
to be added (see following section). The average moisture content (MC) of the 
strands was 10.1%, determined using a moisture balance. 
A reactor was used for hot water extraction. The strands (500 g) were 
placed inside a high pressure vessel filled with sufficient fresh water (tap water) 
to obtain a liquid-solid weight ratio of 4. The three extraction protocols involved 
heating from room temperature to 160°C in 50 min (preheating time) followed by 
constant temperature exposure times of 0, 45, or 90 min. Three replicate runs 
were made for each extraction condition. These extraction conditions were 
equated to a severity factor (SF) through the use of Equation 7 (Overend and 
Chornet 1987, Mosier et al 2002). 
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  Eq.   7 
where t is the residence time (min), Tr is the reaction temperature (°C), 
and Tb is the base temperature of 100°C. The temperature difference is 14.75 (°C) 
derived from , assuming that the overall process is hydrolytic and the 
overall conversion is pseudo first order (Overend and Chornet 1987, Mosier et al. 
2002). Bonds on SF equation are from 0 (unextracted wood) to 4. Using Equation 
7, SF of 2.71, 3.54 and 3.81 was calculated for the 0 (preheating time), 45, and 90 
min extraction times, respectively. Strand weight loss (WL) as a result of the ex-
traction process was determined by freeze drying the extracted liquid at a temper-
ature of -42°C and between 1.3 and 1.5 GPa vacuum.  
After the extraction, scanning electron micrographs revealed that material 
had been deposited on the wood surface (Figure 14a). Individual strands, includ-
ing the control, were submerged in acetone (100%) for 3 min until they were 
completely saturated, placed in a beaker, and a vacuum was applied for approx-
imately two hours to wash out the extractive depositions (Figure 14b). 
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 (A)                                                                       (B) 
 
Figure 14 Side view of Red maple vessel elements illustrating. (A) deposition of 
extracted substances after extraction (SF 3.81) and (B) subsequent 
view after removal of deposits by acetone wash. Scale bar = 1 μ. 
4.3.2. Microstructure Determination  
Three specimens were randomly selected from each severity factor and the 
control (SF = 0). After specimen selection, 2 x 3 mm pieces were carefully 
trimmed with a razor blade and microscopically viewed to verify that no wood 
structure was damaged because of the preparation. A metal stud was covered with 
carbon film and two specimens mounted, one showing the cross-section and the 
other the transverse section, a mixture of tangential and radial cut. Specimens 
were sputter- coated with a 40 nm gold layer. To minimize electron beam dam-
age, an accelerating voltage of 5 keV was used with imaging with a scanning 
electron microscope (SEM).  
4.3.3. Porosity 
The removal of cell-wall material by the extraction process was expected 
to influence the intracell-wall architecture. One way to measure the intracell-wall 
void structure is by mercury porosimetry (Blankenhorn et al 1978, Klose and 
 64 
 
Schinkel 2002, Moura et al 2005, Grioui et al 2007). Mercury porosimetry is suit-
able for many materials with pores in the approximate circular diameter range of 
0.003 - 400 µm, but it also works well in the range of 0.1 - 100 µm (ISO/AWI 
2004). One of the limitations of the porosimeter is the difficult to detect pores 
with diameters under 0.007 μm. (Moura et al 2005). Samples were randomly se-
lected from each severity factor and the control condition (unextracted). Ten sam-
ple replicates of each treatment were trimmed to a 25.4 mm diameter, oven-dried, 
and grouped together for a single placement in the instrument vessel. The evalua-
tion of pore size distribution was carried out according to ISO/AWI 15901-1. The 
pressure associated with measured mercury intrusion volume was related with 
pore size by the Washburn equation (Washburn 1921) 
                     Eq.   8 
where P is the imposed pressure (kPa), γ is the mercury surface tension 
(485 mJ/m2), θ is the contact angle (degree), and r is the pore radius (μm). The 
cumulative volume was expressed as L/kg by normalizing the total mercury intru-
sion volume against the sample weight. The incremental intrusion volume was 
calculated by subtracting the cumulative volume; Vi measured at pressure Pi, from 
the cumulative volume Vi+1 measured at a higher pressure Pi+1, and was also ad-
justed for original wood weight. An approximate conversion from intrusion vo-
lume to cell-wall void volume can be made by dividing the normalized mercury 
volume by the cell wall density (1500 kg/m3). The advancing and receding con-
tact angle was assumed to be 130°, the filling pressure was 4 kPa and the last 
pressure point was 170 kPa with an equilibrium time of 10 s.  
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4.3.4. Cellulose Crystallinity  
Wood strands were randomly selected from three severity factors and the 
control (12 specimens). Individual samples of 25.4 x 25.4 x 0.9 mm were scanned 
with symmetric θ-2θ Bragg-Brentano scattering geometry. The θ-2θ diffraction 
scans were performed using a graded multi-layer parabolic X-ray mirror and 0.18° 
parallel plate collimator in quasi-parallel beam geometry. The step size was 0.1 
mm with a total range of 5-32°. Peaks were fitted to the scans using the program 
Profile Fit (Panalytical, the Netherlands, 1999, version 1.0C). The integrated areas 
of the fitted peaks were used to determine percent crystallinity according to pre-
viously described methods (Howell et al 2007). Cross-sectional width of the micro-
fibril, related to the diagonal crystalline regions, was determined using the Scherrer 
formula (Equation 9).  
   Eq.   9                                                     
where Xs is width (nm), λ is the wavelength of the X-ray source (0.1541 
nm), B is the full width at half maximum of the peak (rad), and θ the angle be-
tween the source and the sample (rad). A Rietveld analysis was also performed to 
verify the results. 
4.3.5. Contact Angle 
Contact angle was determined using a sessile drop technique in which a 
drop of a known liquid is placed upon the surface of a solid. It is assumed that the 
solid is perfectly smooth, rigid, isotropic, and that the liquid does not chemically 
react with the solid. Drop size is usually small to allow flowing and equilibration 
on the surface (Pocius 2002). However, porous materials such as wood exhibit a 
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dynamic contact angle from the interactions across the two interfaces as liq-
uid/vapor meets the solid surface (wood). 
Three different liquids were placed on the surface of the wood samples 
(single OSB strands). All measurements were conducted in a closed and narrow 
glass compartment kept at room temperature (± 2°C) to minimize liquid loss by 
evaporation. Every sample was illuminated from the top, using a light source 
equipped with a heat-absorbing filter at about 400 mm. The probe liquids were 
distilled water, diiodemethane, and ethylene glycol.  A 5 μL drop size was used.  
Twelve replicates (drops) are performed for every liquid/substrate combination. 
Each drop was allowed to flow with the surface (3 s) before imaging. Digital im-
ages were analyzed to determine the contact angle of each drop. 
4.3.6. Surface Energy  
Wood material representing the three SF and control were ground using a 
Wiley mill and then size fractionated through a 60 mesh screen producing a 
powder. Inverse Gas Chromatography (IGC) columns were packed with the 
powder and then conditioned at 103°C in the IGC with 15 mL of helium until the 
flame ionizing detector recorded a background signal of less 5 pA at 30°C. The 
experiments were conducted using a fully automated Surface Measurements Sys-
tems SMS IGC (Alperton, UK) with head-space temperature control. Custom si-
lane-treated glass tubes were used at temperatures of 30, 35, and 40°C a flow rate 
of 15 mL/min. Vapors of high-performance liquid chromatography-grade polar 
and non-polar probes were sampled by micro syringe and an infinite dilute con-
centration of probe was injected into the packed column with the retention time 
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measured by a flame ionization detector. An infinitely dilute sample of methane 
was injected to determine the dead time in the column. The probe and methane 
retention time were used with the mass of the packed material in the column for 
calculating the dispersive energy and Ka, and Kb of the samples by the 
Schultz/Lavielle method (Lavielle and Schultz 1991). Calculations were per-
formed using an Excel spreadsheet (Microsoft, Redmond, WA) and packaged 
software from SMS. To calculate Ka and Kb, Gutmann’s equation, -ΔHAAB = 
Ka*DN + Kb, is written in y = mx + b form and AN* used where AN* is in ener-
gy/mole because AN is a unitless value (Mills et al 2008): 
             Eq.   10 
where DN and AN* are the acceptor and donator numbers related to chem-
ical references.                                                
4.4. Results and Discussion 
4.4.1. Hot Water Extraction 
As anticipated, WL increased with extraction time (Figure 15A). The WL 
was 5.7 ± 0.3%, 16.6 ± 0.8%, and 17.3 ± 0.8%, for SF 2.71, 3.54 and 3.81, re-
spectively. Using a one-way analysis of variance procedure, WL was found to be 
significantly influenced by extraction time (p=0.0001). A Bonferroni multiple 
comparisons, at the 95.0% confidence level, indicated no significant different be-
tween SF 3.54 and 3.81 conditions. As shown in Figure 14a, the wood surface of 
extracted material exhibited depositions of extract which were acetone-soluble.  
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The question then was whether deposition of removed cell-wall material 
onto the cell wall biased the gross WL determinations. WL of the acetone ex-
tracted strands was determined and the relationship of extraction conditions with 
acetone washing weight loss was calculated (Figure 15B). An exponential rela-
tionship between acetone soluble extract and WL was obtained, with approx-
imately 0.2%, 0.4% and 0.8% WL attributed to SF 2.71, 3.54 and 3.81 conditions, 
respectively.  
 
Figure 15 Weight loss results. (A) The effect of time extraction on hydrothermal 
weight mass loss (%) of red maple and (B) Changes in weight loss 
(%) of strands after an acetone washed showing exponential increase 
with increasing severity factor. 
Depositions are thought to be attributed to self-assembly processes of po-
lymers in aqueous solutions because of the presence of hydrophobic groups on the 
hydrophilic main chain (Akiyoshi et al 1993, Cochin et al 2001). Lignin shows 
agglomeration phenomena in aqueous solutions and when the temperature was 
increased it resulted in greater aggregations (Falkehag 1975, Norgren et al 2002).  
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Westbye et al (2007) proposed an agglomeration mechanism for lignin-
rich xylan fractions in aqueous solutions, suggesting that xylans play an active 
role these aggregation phenomena. Thus, it is likely that the depositions found 
were aggregations of lignin and xylan that were produced during hot water extrac-
tion.  
As wood is heated, the production of acetic and formic acid from hemicel-
luloses occurs by cellular breakdown, resulting in a loss of hemicelluloses, lignin, 
constitution water, and volatile extractives (Hill 2006, Jara et al 2006, Borrega 
and Kärenlampi 2008). Also, 4-O-methylglucuronic and galacturonic acid can be 
formed during the hydrolysis of wood (Sundqvist et al 2006).  Acetic acid is 
formed when acetyl groups split off as a result of wood degradation under severe 
hydrothermal conditions (Sundqvist et al 2006, Hill 2006). Water-soluble extracts 
from Pinus radiata MDF pulp indicated a deacetylation of glucomannan compo-
nents but no cellulose liberation (McDonald et al 1999). Jara et al (2006) found 
that arabinan, galactan, and manan were the hemicelluloses most extracted at a 
low SF of 2.8, but when the SF increases, arabinan began to degrade. Xylan is the 
most abundant hemicelluloses in red maple (Sjöström 1993), and this pentose 
sugar began to be removed after a SF of 3.3, extracting a significant portion, 65% 
on original sugar, until a SF of 3.7 (Jara et al 2006).  
After the hot water extraction, the natural wood color changed from light 
yellow to more intense reddish brownish during hydrothermal processing due to 
degradation of hemicelluloses, lignin and certain extractive compounds (Sundqv-
ist and Morén 2002). The most intense reddish brownish occurred at the highest 
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SF of 3.84; at low SF, color change also occurred. That is a commonly observed 
phenomenon in cooking; Maillard-Amodori mechanisms suggest that the presence 
of amino acids, reduced sugars, lignin, and tannins may result in the formation of 
colored compounds after chemical reaction, as a result of heating (McDonald et al 
2000).  
4.4.2. Microstructure and Porosity 
Cross section: A micrograph set of control and SF 3.81 specimens are 
shown (Figure 16). Inspection of the cross-sections indicates that the pressurized 
hot water extraction did not induce cellular collapse. Some cell wall scratches 
were present. These features are consistent with damage caused by the razor blade 
during specimen preparation. 
  (A)                                                            (B)    
 
Figure 16 Cross sectional views (A) red maple control specimens and (B) ex-
tracted red maple (SF 3.81). Scale bar = 100 μ. 
Transverse evaluation: A transverse section of the control, SF 2.71, SF 
3.54 and SF 3.81 material clearly document damage to the cell wall as the extrac-
tion conditions became more severe (Figure 17). This damage is in the form of 
voids that increase in number as the extraction severity increases. The size of the 
voids and extent of their penetration within the cell wall cannot be determined 
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using SEM. Previous analysis of the chemical composition of the material re-
moved by the extraction process indicated that a negligible amount of cellulose 
was removed, and that the dominant hemicellulose removed was xylans (Jara et al 
2006). One assumes that the removed hemicelluloses/lignin complex follows 
those locations in the cell wall as proposed by various researchers (Fengel and 
Wegener 1984, Lawoko et al 2004).    
 
Figure 17 Transverse section views of red maple strands for (A) unextracted 
condition (SF = 0), (B) SF 2.71, (C) SF 3.54, and (C) SF 3.81 which 
illustrate progressive cell wall damage. Scale bar = 1 μm. 
Cell wall porosity: Pore volume and pore size distribution measurements 
were performed using mercury porosimetry (ISO/AWI 15901-1), assuming the 
pore structure is cylindrical and that the mercury is a no wetting liquid that will 
not penetrate pores by capillary action (Washburn 1921). Moura et al (2005) de-
fined two ranges of porosity as: 1) surface porosity, pores in the range 10 - 100 
μm, which represent lumens of vessels and fibers, and 2) internal porosity, pores 
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in the range 0.1 - 10 μm, which is related to pits and openings in the wood cell 
wall.  
In this experiment the normalized mercury intrusion volume, which is re-
lated to void volume, was 58.9%, 58.8%, 81.3%, and 76.7% for control, SF 2.71, 
SF 3.54, and SF 3.81, respectively. The average void volume of the extracted ma-
terial (SF 3.54 and SF 3.81) was 22.4% more than the void volume of the control 
as a result of extraction (Figure 18) while that between the control and SF 2.71 
was not significantly different.  
 
Figure 18 Cumulative volume distribution (less than 7 µm pores) of red maple 
strands as a function of severity factor. 
Between a pore diameter of 0.6 μm and 0.3 μm, the void volume of the SF 
3.54 and SF 3.81 increased and was greater than the control (SF = 0) and SF 2.8 
materials, implying that the extraction time was responsible for the biggest pore 
apertures in that porosity diameter range. Additionally, it indicated that internal 
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porosity was bigger than the surface porosity. The SF 3.81 condition had less void 
volume and pore size than SF 3.54 material. This result is hypothesized to be re-
lated to changes in the cellulose micro fibrils organization, in accordance with the 
microfibril width changes determined by x-ray diffraction. Moura et al (2005) had 
similar results of total porosity 79.1% and 47.6%, respectively for control and 
treated wood. The wood chips were cooked at 160°C in a digester with water, 
16% Na2O and a 30% of sulphidity. In addition, Grioui et al (2007) investigated 
the porosity changes by carbonization of wood in a temperature range between 
200 to 350°C by mercury porosimetry and environmental SEM. The total porosity 
of carbonized wood in inert atmosphere increased as the temperature increased, 
which was attributed to the cracking of the cell wall and the degradation of hemi-
celluloses, cellulose, and lignin.  
4.4.3. Cellulose Crystallinity  
Changes in the supermolecular structure of the respective polymorph 
forms of cellulose for the control and three SF specimens were analyzed as a 
function of the extraction conditions (Figure 19).  
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Figure 19 Graph shows the degree of crystallinity and microfibril width in 
angstroms as a function of severity factor, ◆ is crystallinity and  ■  is 
microfibril width. 
The determined percentage crystallinity values were 51.3 ± 3.3%, 55.7 ± 
3.6%, 61.7 ± 3.9% and 59.5 ± 4.1% for the control, SF 2.71, SF 3.54, and SF 
3.81, respectively. The percentage of crystallinity was significantly influenced by 
extraction conditions (p= 0.0319). No statistically significant difference between 
the noncontrol treatments was indicated by a Bonferroni multiple-comparison at 
the 95.0% confidence level. Crystallite width varied in a similar manner as per-
cent crystallinity, 3.61 ± 0.08, 3.89 ± 0.14, 4.32 ± 0.19, and 4.23 ± 0.06 nm for the 
control, SF 2.71, SF 3.54, and SF 3.81, respectively, again with no significant dif-
ference (p = 0.5114) between the high SF conditions. Similar trends, initial in-
creases followed by decrease, have been observed in other wood species under hy-
drothermal conditions (Hirai et al 1972, Bhuiyan et al 2000, Akgül et al 2007) and 
wood degraded by fungi (Howell et al 2008). The changes in crystallinity were ex-
plained as crystallization in quasicrystalline or sub crystalline structures found by 
3
4
5
6
7
30
35
40
45
50
55
60
65
70
0 1 2 3 4
M
ic
ro
fib
ri
l W
id
th
 (n
m
)
D
eg
re
e 
of
 C
ry
st
al
lin
ity
 (%
)
Severity Factor
 75 
 
Ding and Himmel (2006), attributed to rearrangement or reorientation of cellulose 
molecules and hemicelluloses rather than loss of amorphous material (Bhuiyan et al 
2000). Increases in the crystallite width of extracted wood indicated a swelling 
process due to application of hot water. Sarko and Muggli (1974) applied sodium 
to microfibrils of cellulose, which caused an increase in width due to a swelling 
process. Also, a reorientation process (Hill 2006) that can cause fiber aggregation 
through the removal of hemicelluloses may be taking place (Emons 1988). 
4.4.4. Contact Angle 
The development of a good adhesive bond requires the spreading, wetting, 
and penetration of an adhesive into the adherent (substrate). A common measure 
of wetting is contact angle, which indicates the wettability of a solid surface by a 
liquid. The contact angles formed can be used to determine the surface energy of 
the solid (Pocius 1997). Contact angles from the sessile drop experiment are 
shown in Table 11.  
 
Table 11 Influence of hot water extraction on contact angle (degrees) after 3 s 
by sessile drop method for three liquids.  
Liquids Control SF 2.71 SF 3.54 SF 3.81 
------------ degree ------------- 
Diiodemethane 13.9 ± 1.8 22.3 ± 5.6 0.0  ± 0.0 0.0  ± 0.0 
Water 97.5 ± 3.1 0.0  ± 0.0 0.0  ± 0.0 0.0  ± 0.0 
Ethylene Glycol 0.0  ± 0.0 0.0  ± 0.0 0.0  ± 0.0 0.0  ± 0.0 
 
The contact angle formed by all the liquids excluding the control (distilled 
water, diiodemethane, and ethylene glycol) was less than 90°; therefore, the liq-
uids were able to penetrate the porous wood. In both SF 3.54 and 3.81 conditions, 
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the contact angle determined using diiodomethane exhibited the fastest penetra-
tion into the strand. The SF 2.71 had a larger contact angle than control. Complete 
penetration of the liquid into the wood occurred within a few seconds. The pene-
tration of liquids into the wood structures is initialized by penetration of the gross 
capillary structure, lumens and intercellular pits, followed by movement into the 
spaces within the secondary wall. The mercury porosimetry study showed that the 
more severe extraction conditions (SF 3.54 and 3.81) had a higher pore volume. 
This translates to increased permeability and is consistent with the more rapid liq-
uid penetration of the material. The process of manufacturing OSB depends on a 
good adhesive bond, typically using a polymeric diphenylmethane diisocyanate 
(pMDI) or phenol-formaldehyde (PF) resin system. Generally, pMDI represents 
as little as 2% of dry furnish weight (Kamke and Lee 2007). The bondlines within 
OSB are discontinuous and the thickness is irregular because the OSB strands are 
not completely covered with resin (Conrad et al 2004). The increased permeabili-
ty of the extracted material may have resulted in an overpenetration of resin in the 
extracted strands, thereby contributing to the reduction in IB reported by Paredes 
et al (2008). 
4.4.5. Surface Energy  
Values of DN and AN* were found in the literature for the probes used in 
IGC (Table 12).  
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Table 12 Physical constants for probes used in inverse gas chromatography ex-
perimentsa. 
Probe Polarizability Index α0(hυ)0.5x1049 C3/2 m2  V-1/2 
DNc 
Kcal/Mole 
ANc 
Kcal/Mole 
Specific  
Characteristic 
n-Octane 11.4 - - Non-polar 
n-Nonane 12.5 - - Non-polar 
n-Decaneb 13.6 - - Non-polar 
n-Undecaneb 14.7 - - Non-polar 
Acetone 5.8 17 2.5 Amphoteric 
Chloroform 7.8 - 4.8 Acidic 
Tetrahydrofuran 6.8 20 0.5 Basic 
Ethyl acetate 7.9 17.1 1.5 Amphoteric 
a  Park and Donnet 1998 
b The values were calculated by extrapolation as Donnet et al (1991) did for n-Nonane in their 
original work.  
c  DN and AN are the acceptor and donator numbers related to chemical references 
 
The Schultz method was utilized for the determination of the dispersive 
surface energy of the red maple samples. The results indicate that as more hemi-
celluloses are removed from the surface, there is an increase in surface energy of 
the wood (Figure 20).  
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Figure 20 Dispersive surface energy calculated by the Schultz method for ex-
tracted red maple residues, ◆ is control,  ■  is SF 2.71, ▲ is SF 3.54, 
and x is SF 3.81. 
The control was not extracted and exhibited the lowest dispersive energy 
for the samples run. These results indicate that the surfaces of the red maple sam-
ples are impacted by the presence of extractives and the hemicelluloses-lignin 
complex (Jara et al 2006). If this is the case, the acid and/or base characteristics of 
the red maple surface should increase with the removal of extractives. The polari-
zation method proposed by Donnet and Balard (1991) was utilized to determine 
the acid/base, Ka and Kb characteristics of the Red maple samples (Figure 21). 
 
 
 
 
 
 
36
38
40
42
44
46
15 20 25 30 35 40 45
D
is
pe
rs
iv
e 
E
ne
rg
y 
(m
J/
m
2 )
Temperature (oC)
 79 
 
 
 
Figure 21 Ka and Kb calculated by the polarization method for extracted red 
maple residues.  
As SF increased, both the Ka and Kb of the material increased, however, 
Kb had the biggest increase at SF 2.71 indicating that in the first step of extrac-
tion, the wood surface has a greater basic characteristic.  
The basicity is reduced as SF increases as a result of the presence of acid 
from cleavage of acetate groups from hemicellulose. This supports the conclusion 
that the removal of extractives exposes high energy functional groups. In Figure 
22, the severity factor is plotted versus the dispersive surface energy found by 
IGC and a correlation is observed. These findings suggest that the surface energy 
increases with extractives removal and both acidic and basic functional groups are 
exposed.  
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Figure 22 Dispersive surface energy (DSE) as a function of severity factor (SF), 
the polynomial equation for the curve was adjusted a quadratic re-
gression,  DSE = 0.1715 SF2 + 0.3073 SF + 39.425 with a coefficient 
of determination, r2, of 0.8. 
4.5. Conclusions 
The effect of extracted hot water extraction on adhesion-related characte-
ristics of OSB strands was studied. Cell-wall damage was shown to occur as evi-
denced by pores.  The extent of this pores increased as the extraction severity 
conditions increased from SF 3.54 to 3.81. The weight loss was correlated with up 
to 22.2% higher cell-wall pore volume with the increase primarily occurring at 
pore diameters between 0.8 and 3.0 μm. Little difference in the intracell-wall void 
structure was apparent below 0.8 μm for the SF 2.71 treatment. The crystallinity 
and width of cellulose increased as the SF increased as a result of the reorientation 
of cellulose molecules as influenced by the temperature, water, pressure, and extrac-
tion time. Sessile drop contact angle measurement on extracted wood strands 
showed rapid penetration of probe liquids. Hot water extraction increases the dis-
persive surface energy, acid base characteristics, and crystallinity of the red maple 
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samples examined in this study. The reduction in IB of OSB manufactured from 
extracted strands is likely the result of the over-penetration of resin in the ex-
tracted strands caused by an increase in the porosity and permeability of wood as 
a result of the mass loss. For this reason, the recommended extraction procedure 
for red maple should be below SF 3.54.  
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Chapter  
5. SORPTION ISOTHERM RESPONSES OF ASPEN AND 
HEMLOCK OSB STRANDS USING HOT WATER EXTRACTION  
5.1. Chapter Abstract 
Cellulosic materials can be used to produce biofuels. Their conversion 
technologies are under development. A proposed approach is to obtain the feed-
stock for biofuel production by extracting hemicelluloses compounds from wood 
using a hot water extraction (HWE) process, with conversion of the extracted 
wood to a product such as oriented strand board (OSB).  
Four HWE conditions were used to determine the amount of material that 
could be extracted from aspen (Populus tremuloides) and hemlock (Tsuga cana-
densis). At the highest HWE severity, the maximum weight loss (WL) was of 
17.3 and 12.8%, for aspen and hemlock, respectively. The largest reduction in 
sorption isotherms (SI) was at maximum HWE with differences between these 
species. Crystallinity increased over the controls to a middle HWE conditions for 
both species, followed by a reduction.  Cellulose crystallization alone cannot ex-
plain the SI behavior. Correlations of SI and WL were prepared for the extracted 
soft- and hardwood. 
Keywords:   Crystallinity, hot water extraction, hysteresis, sorption isotherms, 
weight loss. 
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5.2. Introduction  
The use of biological feedstocks to produce ethanol as an alternative 
transportation fuel has rapidly increased in the United States from 1.4 billion gallons  
in 1998 to 9.0 billion gallons in 2008 (Curtis 2008). This was accomplished through 
several processes including microbial conversion of biomass material through 
fermentation. Fermentation routes typically use starch (e.g. corn) or glucose (e.g. 
sugarcane) due to the speed and ease of conversion. However, there is a limit to the 
amount of biomass with nutritional value that can be converted to liquid fuels. 
Cellulosic feedstocks will thus be necessary to produce the 36 billion gallons per 
year by 2022 mandated by the EISA title II Renewable Fuel Standard (RFS) (U.S. 
DOE 2008a).   
Cellulosic feedstocks are expected to come from both agricultural (e.g. corn 
stover) and forest-based sources (Perlack et al 2005), with forests comprising about 
80% of the world’s biomass (Badger 2002, Demirbas 2005). Such lignocellulosic 
feedstocks are composed of lignin, cellulose, hemicellulose, and extractives. The use 
of cellulose as the feedstock for the production of ethanol is more difficult due to the 
recalcitrant nature of the crystalline structure to biological activity (U.S. DOE 
2008b, Fujita et al 2002). Hemicellulose molecules are easier to hydrolyze and 
convert into an alcohol than cellulose (Badger 2002, Fujita et al 2002).  
After low-molecular weight extractives, the hemicellulosic components of 
lignocellulosics are the easiest and fastest to remove (Tunc and van Heiningen 
2008).  These initially extracted compounds (arabinose and galactose) are associated 
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with hemicellulosic side-chains and lower molecular weight polymer strings not 
intimately involved with mechanical performance (Curling et al 2001, Tunc and van 
Heiningen 2008).  This leads to a biorefinery-based proposition of removing 
carbohydrate fractions from lignocellulosics, which can be subsequently hydrolyzed 
and converted to ethanol or other compounds, with conversion of the extracted wood 
to a product such as oriented strand board (OSB) (Perlack et al 2005, Tunc and van 
Heiningen 2008, Paredes et al 2008). 
The removal of the hemicellulose components affect a range of wood 
properties with the degree of change being correlated with the amount of material 
removed from the cell wall (Stamm et al 1946, Seborg et al 1953, Curling et al 2001, 
Hill 2006, Paredes et al 2009).  When the hemicelluloses are thermally removed, 
there is a change in the degree of crystallinity related to degradation/rearrangement 
of the amorphous cellulose (Hill 2006). Crystallinity increases during the initial 
phase of hydrothermal treatment followed by a decrease as result of the thermal 
decomposition of celluloses when the time of heating is extended (Hirai et al 1972, 
Bhuiyan et al 2000, Hill 2006). Bhuiyan et al (2000) found that the apparent 
activation energy of crystallization was lower than the decrystallization of wood 
cellulose under high moisture conditions (3 ml of water per gram of oven dry wood) 
at temperatures over 180°C.  Water-sorption capacity decreases as a result of 
reduction in the hydroxyl content of the modified wood (Hill 2006). Reduced water-
sorption capacity has been found to improve dimensional stability and thickness 
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swelling compared to that of untreated wood (Seborg et al 1953, Hill 2006, Paredes 
et al 2008).  
A major difference in the performance of OSB with plywood and other 
wood composites is its greater thickness swell when exposed to high relative 
humidity and/or in direct contact with water (Soares del Menezzi and Tomaselli 
2006).  This characteristic is a result of the sorption-desorption behavior of wood 
and residual stresses in the OSB resulting from the pressing process. Many 
researchers have studied the dimensional stability of OSB as influenced by various 
processing variables; density, resin type, forming, acetylation, etc (Papadopoulos 
and Traboulay 2002, Soares del Menezzi and Tomaselli 2006).  
In terms of OSB performance in the field, the dimensional stability is a 
critical value. For this reason, the purpose of this paper was to evaluate the sorption 
isotherm (SI) of OSB strands produced from hot water extracted wood. Hot water 
extraction (HWE) improves significantly the dimensional stability of OSB with a 
reduction from 11.6% to 10.5% in 24 hours thickness swell (Paredes et al 2008).   
5.3. Procedure 
5.3.1. Specimen Preparation 
Eastern hemlock (Tsuga canadensis) and aspen (Populus tremuloides) 
species were selected due to expected differences in hemicellulose type and content 
(Fengel and Wegener 1984). Hemlock and aspen trees had a 12.4 m height and 22.8 
cm dia and 13.3 m height and 21.6 cm dia, respectively. Each tree was felled and 
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bucked into logs of 1.5 m length, manually debarked, and stranded to target 
dimensions of 10.2 cm in length with a thickness of 0.8 mm using a Carmanah 12/48 
ring-strander.  A counter knife angle of 70 degrees was used at a ring speed of 638 
rpm.  Fines and medium strands were removed using an Acrowood Trillium and 
Diamond Roll combination screen. Strands were conditioned in a dehumidification 
dry kiln, at 50°C and a relative humidity (RH) of 80% for 6 days until constant 
weight was attained.  The average MC after conditioning was 14.5 ± 0.3%.    
 Strands were placed in 300 g batches (oven dry basis) inside a digester, 
previously filled with fresh water and wood with a ratio of 6:1. The vessel was 
heated from room temperature to 160°C (620.5 kPa) in 50 min (preheating time), 
followed by constant temperature exposure times of 0, 25, 45 or 90 min. Three 
replicas were made for each exposure time. These four extraction conditions were 
equated to a severity factor through the use of equation 11 (Overend and Chornet 
1987, Mosier et al 2002). 
                                   Eq.   11 
where, t is the residence time (min), Tr is the reaction temperature (°C), and 
Tb is the base temperature at 100 °C (Overend and Chornet 1987, Mosier et al 
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2002)1. Using Equation [1] a SF of 2.72, 3.38, 3.56 and 3.84 was calculated for the 
0, 25, 45 and 90 min extraction times, respectively. 
Three replicates were extracted from conditioned strands while one 
additional replicate was directly extracted for green condition. These directly 
extracted strands, called fresh strand, were not affected by the conditioning process. 
While that the conditioned strands were only used to calculate a valid weight loss 
(WL) due to the fact that the moisture content (MC) had a large standard deviation 
when the wood was fresh condition.  
Strand weight loss (WL) as a result of the extraction process was determined 
for each extraction run by freeze drying the extracted liquid. A 25 mL sample of the 
extracted liquid from each extraction was placed in a freeze dryer (LABCONCO 
model LYPH-lock 6) at -42°C and between 1.3 and 1.5 Pa vacuum, for 
approximately 48 hours (Paredes et al 2008). The WL was determined by  
 
                 Eq.   12 
where: %WL is the percent weight loss, S is the weight in grams of solid 
fraction from the freeze drier, L is the weight in grams of sample of extract put 
                                                 
1 Note: The temperature difference is 14.75 (°C) derived from , as-
suming that the overall process is hydrolytic and the overall conversion is pseudo 
first order (Overend and Chornet 1987, Mosier et al. 2002). Bonds on SF equation 
are from 0 (unextracted wood) to 4. 
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into the freeze drier (sample from E), E is the weight in grams of liquid extract 
resulting from each extraction, and W is the weight in grams of the oven dried 
wood. 
5.3.2.  Sorption Isotherms 
Fresh strands of each tree and each hot water condition were used in a 
sorption test. Control strands, SF = 0, were obtained immediately after the screening 
process. A sample of an average weight of 11.2 ± 0.7 g (oven dry basis) was 
obtained  from randomly selected strands which were cut to small (6 x 6 mm) pieces 
to permit a faster equilibrium of moisture.  The samples were placed in aluminum 
containers and dried in five steps (90.0, 75.4, 54.0, 33.0 and 12.5% RH) followed by 
adsorption in four steps (33.0, 54.0, 75.4, and 90.0% RH) at a constant temperature 
of 23.9°C (75.0°F) until equilibrium weight was attained (ASTM 2004). Equilibrium 
weight was reached when the difference between consecutive weight measurements 
was approximately 0.02%. After completion of the desorption/adsorption sequence, 
specimens were oven dried at 103°C for 24 hours (ASTM 2004).  
5.3.3. Cellulose Crystallinity 
Three strands were randomly selected from each species four extraction and 
control conditions. Strands were conditioned in an environmental chamber, at 21°C 
and a relative humidity (RH) of 65% for 15 days. The MC after conditioning is 
shown in Table 13.    
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 Table 13 Equilibrium Moisture Content (EMC) of controls and extracted 
strands after conditioning at 21ºC and RH of 65%. 
Extraction 
conditions 
EMC (%) 
Hemlock Aspen 
Control 12.2 ± 0.03 12.1 ± 0.01 
SF 2.71 11.9 ± 0.01 10.9 ± 0.02 
SF 3.38 11.7 ± 0.02 9.5 ± 0.02 
SF 3.56 11.6 ± 0.01 9.1 ± 0.03 
SF 3.84 11.5 ± 0.01 8.5 ± 0.01 
Individual samples were trimmed to 25.4 x 25.4 x 0.8 mm and scanned using 
a Panalytical X’Pert XRD machine. The θ-2θ diffraction scans were performed 
using a graded multi-layer parabolic X-ray mirror and 0.18° parallel plate collimator 
in quasi-parallel beam geometry. The step size was 0.1 mm with a total range of 5-
32°. Peaks were fitted to the scans using the program Profile Fit (Panalytical, the 
Netherlands, 1999, version 1.0C). The integrated areas of the fitted peaks were used 
to determine percent crystallinity according to previously described methods 
(Howell et al 2007). Cross-sectional width of the crystalline regions was determined 
using the Scherrer formula (Equation 13). 
 
     
           Eq.   13 
Where Xs is width (nm), λ the wavelength of the X-ray source, B is the full 
width at half maximum of the peak (rad), and 2θ the angle between the source and 
the sample (rad). A Rietveld method of analysis (Rietveld 1967, Rietveld 1969) 
with the recently published crystalline structure of cellulose Iβ (Nishiyama et al 
2002) using the program HighScore Plus (Panalytical, the Netherlands, 2006, ver-
sion 2.2) was also performed to verify the results. 
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5.4. Results and Discussion 
5.4.1. Hot Water Extraction 
Hot pressurized water treatment of wood results in a reduction in weight for 
both softwood and hardwood (Table 14). The weight loss (WL) response was ana-
lyzed with a two-way factorial analysis of variance model. As expected, weight 
loss increased with extraction time (p = 0.0001). Aspen exhibited a consistently 
higher weight loss than hemlock, except for the lowest severity extraction condi-
tion. In hydrothermal conditions, hardwoods generally exhibited higher weight loss 
than softwoods (Hill 2006). That is due to differences in hemicellulose content and 
chemical structure. Hemicelluloses in hardwoods have higher acetyl content. Also 
higher proportion of the hemicelluloses in hardwoods are pentosans. The five-carbon 
sugars are more susceptible to thermal degradation than hexosans (Ramiah and Gor-
ing 1967, Fengel and Wegener 1984).  
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Table 14 Weight loss results of softwood (hemlock) and hardwood (aspen) 
from four different severity factors are based on three replicas.  
Factors / 
Levels Count 
Weight loss 
Mean (%) 
BMC 
(%) p- value 
Aspen 
2.72 3 2.921 ± 0.141 A 
0.0001 
3.38 3 11.41 ± 0.74     B 
3.56 3 13.58 ± 0.85         C 
3.84 3 17.29 ± 0.36            D 
Hemlock 
2.72 3 2.94 ± 0.15 A 
0.0001 
3.38 3 7.76 ± 0.32     B 
3.56 3 10.14 ± 0.71         C 
3.84 3 12.81 ± 0.36            D 
Main effects 
A: SF 3                                              0.0001 
B: Specie 1                                              0.0001 
Interactions 
AB 3                                              0.0001 
1 Mean value ± 2 standard deviations (95% confidence interval)  
COV: coefficient of variation 
BMC:  Bonferroni multiple-comparisons at the 95.0% confidence level. 
 
As the wood is heated, the production of acetic and formic acid from hemi-
celluloses contributes to a cellular breakdown production of condensable fractions, 
with loss of a high percentage of hemicelluloses, low percentage of lignin, bond wa-
ter and volatile extractives (Hill 2006, Borrega and Kärenlampi 2008). Formic and 
acetic acid are formed during hydrothermal treatment at high temperatures (Alén et 
al 1985, Manninen et al 2002, Sundqvist et al 2006, Hill 2006, Tunc and van Hei-
ningen 2008). Also, 4-O-methylglucuronic and galacturonic acid are released during 
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the hydrolysis of wood (Sundqvist et al 2006). Tunc and van Heiningen (2008) re-
ported that the water extraction of mixed southern hardwoods at 150°C removed a 
higher percent of hemicelluloses than lignin with the ratio increasing as extraction 
time increased. Acid formation by hot water conditions in softwood species is due to 
acetic groups at the C-2 and C-3 positions of the glucose and mannose units of ga-
lactoglucomannan comprising 5 -10% of the weight of wood, with an average of one 
acetyl group for every four backbone units (Sjöström 1993). Acetic acid is formed 
from acetyl groups as a result of wood hydrolysis at high temperature for long time 
under hydrothermal conditions (Hill 2006, Sundqvist et al 2006). In hardwood spe-
cies, the major hemicellulose components are xylans, which typically comprise 20-
30% of the wood. On average in hardwoods, 7 acetyl groups for every 10 xylose 
units are contained at C-2 or C-3 (or both). 4-O-methylglucuronic acid group are 
also linked 1 - 2 to the xylose backbone (Sjöström 1993).  Sundqvist et al (2006) 
reported that high concentrations of formic and acetic acid were formed during hy-
drothermal treatment of birch at 160-200°C, finding the maximum concentrations at 
180°C and after 4 h of treated of 1.1 and 7.2%, oven dry basis, respectively. There is 
a reduction in the water-sorption capacity as a result of the extraction / modification 
of hemicelluloses (Hill 2006). 
5.4.2.  Hygroscopic Behaviour  
The desorption isotherms for aspen and hemlock exhibited lower EMC as 
the extraction conditions become more severe (Figure 23). 
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Figure 23 Desorption isotherms. (A) aspen a hardwood species and (B) hemlock 
a softwood species at 23°C, for control and their severity factors for 
each wood.  
The sorption isotherms (SI) reductions were analyzed with an analysis of 
variance model, one-way factorial. The average EMC decrease from the control to 
most severe treatment (SF 3.84) was 2.40 ± 0.15% for hemlock and 2.89 ± 0.24% 
for aspen. Aspen was significantly lower (p = 0.0665) compared to hemlock. The 
depression in SI response occurred rapidly at the lowest severity conditions (SF 2.72 
and 3.38).  
The hysteresis ratios, EMC-adsorption / EMC-desorption (Figure 24), are 
shown to be advantageous for wood in service use because of reductions moisture 
content changes. 
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Figure 24 Sorption isotherms of (A) aspen (hardwood) and (B) hemlock (soft-
wood) at 23°C, for control and their highest severity factor for each 
wood. All points of RH are average of five samples. 
The lower slope of the sorption isotherm relate to a lower humidity 
expansion coefficient (Hill 2006). The bumps in the desorption curves was 
attributable to the multilayer water drop formation and the artifact of environmental 
chamber. The hysteresis ratios for all SF and the controls for each species were 
compared (Table 15).  
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Table 15 Hysteresis Ratios. The values are ratios representing by EMC-
adsorption / EMC-desorption (ASTM 2004).   
RH 
(%) 
Softwood (hemlock) Hardwood (aspen) 
Control 
Severity Factor (SF) 
Control 
Severity Factor (SF) 
2.72 3.38 3.56 3.84 2.72 3.38 3.56 3.84 
12.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
33.0 0.95 0.96 0.97 0.96 0.96 0.96 0.96 0.96 0.97 0.97 
54.0 0.82 0.83 0.84 0.84 0.84 0.81 0.81 0.84 0.93 0.90 
75.4 0.93 0.93 0.93 0.93 0.93 0.93 0.94 0.94 0.95 0.97 
90.0 0.89 0.88 0.85 0.83 0.82 0.84 0.89 0.88 0.91 0.95 
AVG1 0.92 ± 0.07 
0.92 ± 
0.06 
0.92 ± 
0.07 
0.91 ± 
0.07 
0.91 ± 
0.07 
0.91 ± 
0.08** 
0.92 ± 
0.07 
0.93 ± 
0.06 
0.95 ± 
0.03 
0.96 ± 
0.04 
BMC A A A A A A A A  
B 
 
B 
1 Mean value ± 2 standard deviations (95% confidence interval)  
BMC:  Bonferroni multiple-comparisons at the 95.0% confidence level. 
In softwood species, hemlock, the average of hysteresis ratios were found 
not to be significantly different (p = 0.14). In hardwood species, aspen, the average 
hysteresis ratio increased significantly (p = 0.0001) from control to the highest SF of 
3.56 and after that point it remained constant.  It has long been known that 
hydrothermal treatments affect both the adsorption and desorption behavior (Seborg 
et al 1953, Stamm et al 1946).  That is caused by of hemicellulose extraction 
because it is an amorphous polymers. EMC reduction may have different origins not 
only for the hemicellulose extraction, and also migration of extractives (Sehlstedt-
Persson 2003), changes of porosity (Paredes et al 2009), and other kinds of 
interactions between the sorbent and sorptive such as  noncrystalline celluloses, 
lignin, and surface of crystalline cellulose (Rowell 1990).  
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Hygroscopicity and EMC are functions of bonding sites among the polymers 
comprising wood cells which attract moisture though hydrogen bonding. The 
reduction in water-sorption is probably the result of the removal or degradation of 
the hemicellulosic component, reducing the sorption sites (OH groups) within the 
wood cell wall (Hill 2006). Among those, lignin is generally recognized as the least 
hygroscopic and the most thermally stable of the main components of wood 
(Browning 1963, Borrega and Kärenlampi 2008). The amorphous regions of 
cellulose and the lightly branched hemicelluloses are the wood components 
accessible to water. Conversely, the principle of the dimensional stabilization 
treatments by hydrothermal treatments may remove the hydroxyl groups on the cell 
wall to avoid the hydrogen bonding with the water (Sehlstedt-Persson 2003, Hill 
2006). 
5.4.3. Cellulose Crystallinity 
The influence of crystallinity on water sorption behavior was studied 
because the crystalline celluloses changes reduce EMC values by converting the 
amorphous cellulose to crystalline cellulose. The percent crystallinity and the 
average microfibril width of the samples by X-ray diffraction are shown in the 
Figure 25.  
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Figure 25 Changes in degree of crystallinity and microfibril width for (A) aspen 
and (B) hemlock under 180°C hot pressurized water treatment. These 
results are based on three replicates. 
This resulted in an overall significant difference in crystallinity for only 
aspen (p = 0.0076) relative to the controls.  There was no significant difference in 
percent crystallinity relative to the unextracted controls for hemlock at the highest 
severity (p = 0.0490). This decrease at SF 3.84 may indicate that the crystalline 
cellulose is beginning to be negatively affected at these extraction conditions. An 
increase in percent crystallinity has been observed by a number of researchers ex-
amining kraft pulps (Hult et al 2003, Åkerholm et al 2004, Howell et al 2008) and 
wood degraded by fungi (Klemen-Leyer et al 1992).  
The microfibril width, as determined using the Scherrer formula (Equation 
13) appeared to increase with increasing SF, reaching values that were significant-
ly higher than the unextracted controls at SF 3.84 in both aspen (p = 0.0006) and 
hemlock (p = 0.0003).  This may be due to the formation of cellulose aggregates 
as the hemicelluloses are removed.  Previous studies on Kraft pulps have shown 
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that the width of cellulose aggregates, or bundles of microfibrils, can increase 
upon removal of hemicelluloses (Hult et al 2003, Donaldson 2007).  Although 
these studies examined the microfibril wood structures on the order of 15-25 nm, 
it is conceivable that the formation of cellulose aggregates affects the average 
width of the microfibrils on the order of 0.2-0.3 nm as well.   
Bhuiyan et al (2000) studied the effect of heat treatment on wood under 
moist and dry conditions for wood cellulose and pure cellulose. It was found that 
pure cellulose had the same crystallization in both conditions while wood cellu-
lose had more crystallization than pure cellulose under both conditions. The 
changes in crystallinity were explained as crystallization of hemicelluloses and 
quasicrystalline structures of cellulose found by Ding and Himmel (2006) rather 
than loss of amorphous material (Hill 2006). 
According to Valentine (1958), the crystallites of polymers that can form 
fibers with strong intermolecular bonding remain inaccessible to water. In this 
study no correlation between the cellulose crystallinity and SI was found.  Due to 
that, during the initial stages of HWE as represented by the lower SF until a SF 
3.56, was a maximum increase in percent crystallinity in both woods. However, at 
the highest SF (SF 3.84) was a decrease in percent crystallinity in both wood spe-
cies (Figure 23), while a reduction in hygroscopicity was observed until the high-
est severity conditions (Table 14). There was a trend of increasing crystallinity. 
However, this did not fully explain the changes in SI because the change in SI is 
primarily due to hemicelluloses removal rather than modification of what re-
mains. 
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Separate equations for the aspen (hardwood) and hemlock (softwood) 
were necessary (Equations 14 and 15). 
 (r2 = 0.96)           Eq. 14 
 (r2 = 0.96)          Eq. 15 
WL was chosen as main parameter, since the adsorption and desorption 
isotherms were better correlated with the weight loss than severity factor (SF) that 
measures the intensity of overall reaction conditions.  In the Figure 27 and Figure 
28, Equations 14 and 15 based on WL, had an appropriate fit for HWE of aspen 
and hemlock.   
 
Figure 27 The equations for (A) hardwood and (B) softwood are EMC values at 
54% relative humidity (RH) and 23.9°C. The desorption and adsorp-
tion are based on five replicates, respectively. 
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Figure 28 The Simpson equation at 23.9°C for unextracted wood and the hard- 
and softwood equations at same temperature for a 10% weight loss. 
 Simpson’s formula for unextracted wood is as follows (Simpson 1971): 
             Eq.   16 
Where: M is percent of equilibrium moisture content (EMC), 1800 is mo-
lecular weight of water times 100 (g/mol), h is humidity, and T is dry temperature 
(°F) that depends on the parameters can be represented by  
                                        Eq.   17 
                Eq.   18 
         Eq.   19 
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5.5. Conclusion 
The effects of HWE on aspen and hemlock resulted in a WL that increased 
as the SF was increased. Aspen exhibited higher WL than hemlock at the same 
extraction conditions. The reduction in the sorption isotherm associated with 
weight loss was more pronounced for aspen. The increases in hysteresis ratios in-
dicated that the extracted wood was more hygroscopically stable than the control. 
Aspen was as hygroscopically stable as hemlock even though during extraction 
process it had more weight loss, mostly hemicelluloses.  
Cellulose crystallinity and microfibril width increased from control to 
middle SF conditions followed by a reduction when SF was further increased. 
Conversely, the SF had no correlation with the crystallization process, but it plays 
an important role in the modification of SI. Those facts relate that the SI were af-
fected by several chemical reactions, migration of extractives to surface, incre-
ment of porosity, and other modifications of wood polymers during HWE rather 
than only the crystallization process or WL. The natural reactivity of wood in 
presence of water and heat can be used to enhance its dimensional stability in 
terms of performance and versatility.  
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Chapter  
6. SELECT VOLATILE ORGANIC COMPONENT (VOC) 
EMISSIONS AND PERFORMANCE OF OSB FROM EXTRACTED 
SOUTHERN YELLOW PINE 
6.1. Abstract 
 The impact of a hot water extraction procedure on select VOC emissions 
during pressing and properties of OSB from Southern yellow pine was eva-
luated. Southern yellow pine strands were extracted with hot water using a rotat-
ing digester at 160°C for 22.9 or 53.6 min, corresponding to a severity factor (SF)  
of 3.29 (LSF) and 3.59 (HSF). Weight loss was 6.3 ± 0.1% and 9.3 ± 0.9% for the 
LSF and HSF conditions, respectively. The extract contained a mixture of hemi-
celluloses with some acetic acid and lignin.  
Panels were manufactured without (control and HSF) and with resin (con-
trol, LSF, and HSF). Resinated panels were blended with 3.1% pMDI resin and 
1% wax. Select VOC emissions during pressing were obtained using a closed caul 
system. The press emissions (phenol, methanol, acetaldehyde, formaldehyde) de-
creased from 38.2 to 24.2 mg/kg-wood due to the HSF extraction condition. 
Emissions were 22.1, 17.0, and 15.6 mg/kg-wood for control, LSF, and HSF, re-
spectively, when resin was added.  
Panel density and density profiles were equivalent for all panels. The equi-
librium moisture content of the panels decreased with increases in weight loss. 
Water absorption and thickness swell were significantly enhanced in the panels 
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made from extracted strands. Flexural modulus of elasticity (MOE) exhibited sig-
nificant increases in both dry and wet conditions. Both flexural strength (MOR) 
and internal bond (IB) were slightly reduced in the dry condition as extraction 
level increased. However, both properties were significantly increased when 
tested in the wet condition. The extraction procedure shows promise for im-
provement a variety of aspects of OSB production including performance im-
provements, reduced environmental impact, and generation of a co-product of 
value as a chemical feedstock.  
 Keywords:    Hemicellulose, hot water extraction, weight loss, physical and me-
chanical properties, select volatile organic component (VOC).    
6.2. Introduction 
Over the last 30 years, several programs and standards have been recog-
nized and/or modified to set criteria for emissions produced during manufacturing 
of wood products. Emissions include particulate matter (PM), carbon monoxide 
(CO), nitrogen oxides (NOx) and volatile organic compounds (VOCs).  
The manufacture of oriented strand board (OSB) manufacturing produces 
VOC emissions from energy production, wood drying, resin blending, board 
pressing, and product storage (Larsen et al 1992, Carlson et al 1995, NCASI 
1989, NCASI 1999).  Larsen et al (1992) studied the combustion of a wood waste 
boiler, finding concentrations of formaldehyde up to 80 ppm and up to 350 ppm 
of total hydrocarbons. The same study found wood drying produced formalde-
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hyde emissions up to 1 g/kg of dried wood and non-methane organic emissions 
from 0.3 to 5.7 g/kg.  
Recently, VOC emissions from press stacks have been the focus of much 
research (Carlson et al 1995, NCASI 1999, Barry and Corneau 1999, Wang and 
Gardner 1999).  Carlson et al (1995) studied the VOC emissions from OSB during 
hot pressing, finding that formaldehyde emissions increased with increasing press 
temperature, mat moisture content, resin solids levels (phenol-formaldehyde re-
sin), and pressing time.  The use of pMDI did reduce emissions compared to 
wood alone.  Wood species significantly influences the amount of VOC emis-
sions, as differing species exhibit varying amounts of volatile and semivolatile 
extractive compounds as well as different types and percentages of hemicelluloses 
(Fengel and Wegener 1989, Sjöström 1993, Rice and Erich 2008).  
VOCs are primarily produced through the decomposition of hemicellulose 
(Carlson et al 1995) which, of woods’ three major components (cellulose, hemi-
cellulose and lignin) is the most easily extracted from wood (Paredes et al 2008, 
2009).  This research presents a potential process of hemicellulose extraction prior 
to OSB manufacture with the aim of reducing VOC emissions. The mass loss re-
sulting from the extraction process was calculated and a sugar analysis of the ex-
tracted compounds was conducted.  Finally, the physical and mechanical proper-
ties of the manufactured panels were determined.   
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6.3. Materials and Methods 
6.3.1. Materials 
Industrial southern yellow pine, SYP (Pinus spp.), strands were donated 
by JM Huber, Commerce, Georgia.  The strands were sampled after the mill’s 
core dryer.  A majority of fines were removed using an Acrowood Trillium and 
Diamond Roll combination screen. Typical strand geometries were 10.1± 0.3 cm 
long, 1-4 cm wide, and 0.7 ± 0.1 mm thick.   
Huntsman rubinate polymeric diphenylmethane diisocyanate (pMDI) resin 
was used, having a viscosity of 334 cps and NCO content of 31.2%. The viscosity 
of the resin was determined on a Brookfield DV-I+ viscometer, model LV, using 
a #3 (LV) spindle at 60 rpm, at a resin temperature of 22.2 °C.  Hexion EW-45 
emulsified wax (45% solids) was also used. 
6.3.2. Extraction Process 
Two hot water extraction (HWE) procedures, short and long time, were 
employed using a custom built rotating extractor (digester) spinning at 2 rpm.  
The strands, in 6.2 kg batches, were placed inside a high pressure vessel filled 
with fresh water with a water/wood ratio of 4:1.  The moisture in the wood was 
included in the ratio calculation. The vessel was heated from room temperature to 
160 °C in 2.0 hours, followed by constant temperature exposure times of 22.9 min 
or 53.6 min, respectively (Figure 29).  
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low SF (LSF) of 3.29 was calculated for the short time and a higher SF (HSF) of 
3.59 for the longer extraction time.  
6.3.3. Analysis of the Liquid Extract  
Weight loss of the strands as a result of the extraction process was deter-
mined for each extraction run by freeze drying (LABCONCO model LYPH-lock 
6) the extracted liquid at -42°C between 13 and 19 x 10-3 Mbar of vacuum (Pa-
redes et al 2008).  
The carbohydrate composition of the liquid extract was an important pa-
rameter for evaluating VOC emissions and OSB properties. High-performance 
liquid chromatography (HPLC) was used to analyze sugar, lignin, and acetic acid 
because of the simplicity of sample preparation and the ease of adopting a routine 
(Lundqvist et al 2003, Kaar et al 1991).  Sugar analysis was conducted using a 
single specimen on an HPLC-Shimadzu whose system that consisted of a pump, 
manual injector, refractive index detector and two independent columns: (1) Bio-
Rad Aminex HPX-87H, at 60°C and  0.6 mL/min, using 5 mM of H2SO4 and (2) 
BioRad Aminex HPX-87P, operated at 80°C and 0.6 mL/min, using deionized 
(dI) water.  Analysis of glucose, xylose, mannose, glucose, and arabinose, was 
taken from the second column while the result of lignin and acetic acid were taken 
from the first column.   
6.3.4. OSB Manufacture 
Control (unextracted) OSB strands were conditioned in a dehumidification 
dry kiln, at 32.2 °C and a relative humidity (RH) of 33% for six days until con-
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stant weight was attained.  The average moisture content of the strands was 6.2 ± 
0.1%.  Extracted OSB strands were conditioned using the same dehumidification 
dry kiln set at 32.2 °C and a RH of 35%, again for six days until constant weight 
was attained. The average moisture content of the extracted stands was 6.3 ± 0.1% 
and 6.0 ± 0.1% for LSF and HSF conditions, respectively.  
Enough strands (39.7 kg) to produce three panels were placed within a 
Coil spinning disk atomizing resin blender. Polymeric diphenylmethane diisocya-
nate (pMDI) adhesive (Huntsman Rubinate) and Hexion EW-45H emulsified wax 
were added at a loading of 4% and 1% (solids content based on oven dry wood 
weight), respectively. Resin was applied using a disk speed of 12,000 rpm, a drum 
speed of 20 rpm, with resin pumped to the blender at a feed rate of 200 ml/min. 
The E-wax was applied using a Spraying Systems air atomizer at a feed rate of 
120 ml/min, for a total blend time of approximately seven min.  
Panels were formed manually atop a 1.2 mm thick steel caul plate, sprayed 
with a thermosetting mold release (Stoner E497). A 19 mm thick aluminum pic-
ture frame VOCs collection caul was then placed around the mat, which also 
served as a mechanical stop.  A matching steel caul plate was then placed atop the 
mat. 
The random-oriented mat was placed in a 1600 tons capacity, 121.9 cm by 
243.8 cm (Erie Mill and Press) hydraulic hot press for panel manufacture. The 
press platen was heated to 204.4°C using two Mokon hot oil heaters, each with 
two zones.  The PLC-controlled press collected the temperature of each platen (4 
thermocouples embedded in each), position, pressure, core temperature, and core 
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vapor at one second intervals. The core temperature and vapor pressure during the 
process was measured using a probe inserted into the mat. The same press sche-
dule was used for each run (Table 16).  
Table 16 Press cycle 
Stage Ramp time     Dwell time Mat thickness 
(Min : s) (Min : s) (mm) 
Close 0:45 0:01 100.0 to 19.0 
Cook 0:01 3:30 19.0 
Degas 1 0:15 0:01 19.3 
Degas 2 0:15 0:01 19.6 
Degas 3 0:15 0:01 19.8 
Caul evacuation 0:45 0:01 19.8 
6.3.5. Select VOCs Collection 
The select VOCs collection system had two basic parts: a gasketed picture 
frame caul and a VOC vapor collection apparatus (Figure 30). This collection sys-
tem was an enhanced version of that used by Jiang et al (2002) and Carlson et al 
(1995).  
The gasketed caul frame was made from aluminum with interior dimen-
sions of 104.1 cm by 226.1 cm. The mat size, 81.3 cm by 121.9 cm long by 19 
mm thick at a density of 640.7 kg/m3 (at 6% MC), was chosen such that sufficient 
airspace existed between the mat and the caul to provide for unobstructed flow of 
VOCs around the mat and to/from the intake/exhaust ports.  The emissions were 
collected in sequential order as shown in Figure 30.  
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Figure 30 The select VOCs collection system. 
Immediately after the press cycle had finished, the VOCs collection was 
stopped.  All flasks were then weighed, their volume recorded and their contents 
poured into a 4 L separation funnel. The separation funnel was agitated by hand 
and then allowed to sit for 30 min. Fresh methylene chloride (MCL), 300 ml, was 
added to the separation funnel, which was again agitated and allowed to sit for an 
additional 30 minutes. Select VOCs analysis was done by gas chromatogra-
phy/mass spectrometry (GC/MS) conducted on an Agilent 6890 equipped with an 
Agilent 5973 mass spectrometer.  From three replicates of each treatment, the 
phenol content was analyzed from the MCL fraction while all other compounds, 
methanol, formaldehyde, and acetaldehyde, were analyzed from the water frac-
tion.  
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6.4. Results and Discussions  
6.4.1. Hot Water Extraction 
HWE of southern yellow pine (SYP) exhibited similar behavior to other 
species such as red maple (Acer rubrum) strands and loblolly pine (Pinus taeda) 
chips  in that weight loss was proportional to extraction time (Yoon et al 2006, 
Paredes et al 2008, 2009). The influence of the severity factor (SF) on weight loss 
is summarized in Table 17.  
Table 17 Influence of SF on weight loss.  
Severity Factor Treatment Extractions Extraction Time (min) 
Weight Loss 
(%) 
3.29± 0.054 LSF 7 22.93 6.3 ± 0.1 
3.69 ± 0.04 HSF 15 53.58 9.3 ± 0.9 
 
The weight loss was significantly different (P = 0.0001) for the LSF and 
HSF conditions, based on a one-way analysis of variance (ANOVA) procedure. 
It has been reported that other factors such, as species, softwood versus 
hardwood, and type of extraction system (open or closed) also influence weight 
loss (Hill 2006). In general, under hygrothermal treatment softwoods exhibit less 
mass loss than hardwoods (Hill 2006).  This is mainly due to two factors: First 
hardwoods are less thermally stable than softwoods, and second, the hemicellulosic 
content and composition differ (Fengel and Wegener 1989).   
6.4.2. Carbohydrates  
Quantities of sugar and acid extracted from the SYP strands are summa-
rized in Table 18.  
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Table 18 Amount of chemical components removed by HWE process.  
Compounds 
LSF HSF 
g/kg wood g/kg wood 
Glucose 8.29 12.83 
Xylose 11.97 17.11 
Galactose 4.23 6.19 
Arabinose 9.14 6.41 
Mannose 22.41 32.36 
Total sugars 56.04 74.90 
Acetic acid 4.01 8.89 
Lignin 3.42 8.67 
Total (WL) 63.47 92.46 
 
The production of acids occurs when wood is heated in the presence of 
water, resulting in a cellular breakdown and/or solubilization of hemicelluloses, 
lignin, water of constitution, and volatile extractives (Borrega and Kärenlampi 
2008, Hill 2006, Jara et al 2006).  As anticipated, of the three major biopolymers 
of wood, cellulose, hemicellulose and lignin, hemicelluloses were more readily 
extracted, since these are amorphous and branched polysaccharides.  
The formation of acetic acid during hygrothermal treatment in softwood is 
due to cleavage of acetyl groups are located at either the C-2 or C-3 positions of the 
glucose and mannose units of galactoglucomannan. Galactoglucomannan comprises 
5 - 10% of the wood weight, with an average of one acetyl group for every four 
backbone units (Sjöström 1993).  The quantity of extracted sugars increased as the 
SF increased, with the exception of arabinose. The reduction is likely due to degra-
dation at the longer extraction time.  This same behavior was found in red maple 
HWE by Jara et al (2006).   
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At both SFs, galactoglucomannan (comprised of mannose, glucose and ga-
lactose) and xylose, all hydrolyzed under these acidic conditions. Galactoglucoman-
nan are six carbon sugars, called hexoses, may be fermented to ethanol rapidly and 
efficiently using traditional yeasts while pentoses (xylose and arabinose), need spe-
cial bacteria such as Escherichia coli to produce ethanol (Saha 2003). 
6.4.3. Select VOC Emissions 
In conducting statistical analyses on the results from select VOC emis-
sions, a randomized complete block design (RCBD) was used with the treatments 
(LSF and HSF) comprising two blocks. It was divided into two blocks to deter-
mine the influence of resin on select VOC emissions. The first randomized block, 
termed “no resin” (NR) had two treatments (control and HSF) with three repli-
cates, while the second randomized block, termed “with resin” (WR), had three 
treatments (control, LSF, and HSF) with three replicates (Table 19). Physical and 
mechanical properties were measured only from the second block.  Select VOC 
emissions were analyzed using a one-way analysis of variance (ANOVA) proce-
dure.  
 
 
 
 
 
 
 
 124 
 
Table 19 Influence of pMDI (resin) and HWE on the amount of select VOC 
emissions.  
Source Phenol Methanol Acetaldehyde Formaldehyde Total select 
VOCs 
mg/kg wood 
N
o 
  
R
es
in
 Control 0.0NS 20.0(1) ± 3.7A 4.7± 0.7A 13.3± 1.6 NS 38.0 ± 2.0 
HSF 0.0 NS 9.5± 3.0B 1.4± 0.4B 13.1± 2.8 NS 24.0 ± 2.1 
W
ith
   
   
 
R
es
in
 Control 0.0 NS 10.2± 2.2 NS 3.5± 0.2
A 8.2± 0.7A 21.9 ± 1.0 
LSF 0.0 NS 10.2± 1.8 NS 0.7± 0.1B 5.9± 0.8A 16.8 ± 0.9 
HSF 0.0 NS 7.5± 1.0 NS 0.9± 0.1B 7.0± 0.8A B 15.4 ± 0.6 
 (1)Mean is in mg/kg wood 
 A B: Bonferroni multiple-comparisons, at the 95.0% confidence level 
  NS: not significant at 0.05 probability level.  
 
In the first randomized block (NR), no phenol emissions were detected by 
GC/MS and differences in formaldehyde emissions were found not to be signifi-
cant (p = 0.8911), for the control and HSF, respectively.  Methanol and acetalde-
hyde emissions, however, were found to be significantly influenced by the HWE 
(p = 0.0190).  
In the second randomized block (WR), phenol emissions were again not 
detected by GC/MS for the control or either of the two SFs (LSF, HSF). Unlike 
the NR block, methanol emissions were found not to be significantly influenced 
by extraction condition. The acetaldehyde and formaldehyde emissions, however, 
were significantly reduced by HWE.  
Comparing the control without resin (NR) vs. the control with resin (WR), 
the pMDI itself significantly reduces methanol and acetaldehyde emissions. Simi-
lar results were found by Carlson et al (1995). When the LSF-WR is compared 
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against control WR, there is a significant reduction in acetaldehyde and formalde-
hyde, but not methanol. Between LSF-WR and HSF-WR, there were higher levels 
of acetaldehyde and formaldehyde for the HSF, where more hemicelluloses were 
removed. That is due to the extraction of acetic and formic acid from hemicellu-
loses during HWE (Table 18). Acid formation by hot water conditions in softwood 
species is due to acetyl groups are contained in the C-2 and C-3 positions of the glu-
cose and mannose units of galactoglucomannan comprising 5 -10% of the weight of 
wood, with an average of one acetyl group for every four backbone units (Sjöström 
1993).   
Total select VOC emissions, the sum of phenol, acetaldehyde, methanol, 
and formaldehyde, was 38.2 and 24.2 mg/kg wood for the control and HSF with-
out resin, respectively. The overall percent HAP reduction as a result of extraction 
was 37%, indicating that the removal of hemicellulose and acetic acid play an im-
portant role in volatile organic compounds (VOC) emissions (Carlson et al 1995).  
Extracted carbohydrates also influenced total select VOC emissions in panels 
manufactured with resin: 22.1, 17.0, and 15.6 mg/kg wood for control, LSF, and 
HSF, respectively.  In addition to the effect of carbohydrates, the sole use of 
pMDI resin caused a reduction in select VOC emissions by 29%. 
6.4.4. Physical Properties 
Physical properties (Table 20) were evaluated via a completely rando-
mized design and one-way ANOVA.  
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Table 20 Density, equilibrium moisture content (EMC), and WA/TS result 
summary.   
Treatment Density (k/m3) 
EMC 
(%) 
Thickness Swell 
(%) 
Water absorption 
(%) 
Control 591(1) ± 
22NS
10.3 ± 
0 1A
9.9 ± 1.2A 29.2 ± 3.4A 
LSF 596 ± 32 NS 7.3 ± 0.1B 6.0 ± 1.4B 26.0 ± 4.9B 
HSH 602 ± 30 NS  6.8 ± 0.1B 3.8 ± 0.8C 20.0 ± 1.9C 
(1)Mean is in mg/kg wood 
 A B C: Bonferroni multiple-comparisons, at the 95.0% confidence level 
 NS: not significant at 0.05 probability level 
 
Panel density is known to be highly correlated with most physical and me-
chanical properties. No significant difference (p = 0.2423) in density was found 
among the treatments. However, a density gradient through the thickness of panel 
is developed during pressing due to heat transfer, moisture movement, wood 
stress relaxation, wood consolidation and resin curing (Winistorfer et al 2000). 
There is a strong relationship between vertical density profile (VDP) and panel 
properties such as dimensional stability, bending strength, and others; that are of 
critical importance to OSB researchers and manufacturers (Winistorfer et al 
2000). The VDP verified that among the treatments, control, LSF, and HSF, there 
were not significant differences (Figure 32).  
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micellulose extraction.  In terms of OSB performance in the field, thickness swell 
is a critical value for OSB panels, whose significant reduction would have tre-
mendous value.  
OSB panels typically absorb water faster than plywood and solid wood 
lumber (Zhang et al 2007). Decay susceptibly and mechanical properties depend 
on wood MC. Currently, higher levels of resin and wax are used to remediate this 
problem (Bowyer et al 2007, Zhang et al 2007). In this experiment, the water ab-
sorption after a 24 hour water soak for the HSF panels was significantly lower 
than both the control and LSF panels (Table 20).   
Water absorption for the control specimens after 24 hour submersion was 
within the range of values found by Gu et al (2005). OSB is a material with high 
variation in terms of structure and composition because of the existence of water 
in the cell wall, lumen, and between flakes. The reduction of water absorption in 
hot water extracted panels is due to less swelling (less inter flake void), lower 
EMC starting, less amorphous polymer (hemicelluloses extraction) and higher 
percentage of crystallinity (Paredes et al 2009). These facts indicated that ex-
tracted OSB panels had better water resistant properties, even being a increasing 
of cell wall porosity (Paredes et al 2009). 
6.4.5. Mechanical Properties 
Test results are presented in Table 21 and 22. The experimental statistical 
design utilized a RCBD, blocking into dry or wet conditions. These two blocks 
had three treatments each: control, LSF, and HSF. 
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Table 21 Flexural property results.  
Treatment 
MOR (MPa) SPL (MPa) MOE (GPa) 
Dry Wet Dry Wet Dry Wet 
Control 29.8(1) ± 5.4NS 15.9 ± 2.2
A 18.3 ± 2.1 NS 9.5 ± 0.7
A 3.46 ± 0.21A 1.65 ± 0.19A 
LSF 27.6 ± 3.9 NS 22.7 ± 3.8
B 17.8 ± 0.9 NS 13.2 ± 0.9
B 4.05 ± 0.20B 2.53 ± 0.25B 
HSF 26.5 ± 4.9 NS 22.7 ± 4.9
B 16.7 ± 2.3 NS 13.0 ± 2.0
B 4.14 ± 0.22B 2.67 ± 0.34B 
(1)Mean is in mg/kg wood, A B: Bonferroni multiple-comparisons, at the 95.0% confidence level, 
and NS: not significant at 0.05 probability level.  
 
Table 22 Internal bond (IB) and APA Test S-6 results. 
Treatment 
IB (MPa) S-6 (MPa) 
Dry Wet Dry Wet 
Control 0.72(1) ± 0.14 NS 0.22 ± 0.06A 34.5 ± 5.1 NS 14.2 ± 3.1
A 
LSF 0.69 ± 0.16NS 0.35 ± 0.11B 31.4 ± 6.3 NS 18.1 ± 3.1
B 
HSF 0.62 ± 0.17 NS 0.37 ± 0.10B 30.7 ± 4.3 NS 18.3 ± 4.1
B 
 
Dry bending strength (MOR) and dry bending stress at the proportional 
limit (SPL) were not significantly different among the treatments while the MOR 
and SPL of extracted panels in the wet condition were significantly higher than 
the control in a 42.6% and 36.9%, respectively. Dry MOE was significantly dif-
ferent among the treatments with a maximum increase of 19.7% at HSF, whereas 
the wet MOE also differed significantly among the treatments with a maximum 
increase of 61.2% at HSF.  
APA Test S-6 strength under dry conditions, meant to assess bond quality, 
was not statistically significantly different among the treatments, but under wet 
conditions there was a statistically significant difference among the treatments.  
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Dry IB strength indicated statistically significant differences among the 
treatments while wet IB strength was significantly different among the treatments, 
with both SFs being significantly higher than the control in 63.9%. The APA Test 
S6 and IB indicate that adhesive performance was not affected by HWE.  
Overall, the results of mechanical properties in wet condition were consis-
tent with higher increases for the extracted material than the control specimens. 
This is due to lower swelling of the extracted wood (see swelling results) which 
would create lower swelling stresses and bond breakage than the control samples.   
6.5. Conclusions 
This study has identified that select VOC emissions can be reduced by 
conducting a hot water extraction of the strands. The extract contains a mixture of 
hemicelluloses which may serve as a feedstock for conversion to ethanol or other 
chemical compounds. 
 The performance after exposure to moisture was significantly improved 
using extracted strands. MOE properties increased significantly at equivalent den-
sity values.  
The ability to manufacture lower density panels and maintain/improve 
properties appears feasible. Extra revenue (ethanol) and reduction in transporta-
tion (lower density panel) appears possible. 
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Chapter  
7. INFLUENCE OF HOT WATER EXTRACTION ON CELL WALL 
AND OSB STRAND MECHANICS 
7.1. Chapter Abstract 
The exposure of wood to elevated temperatures during hot water extrac-
tion (HWE) has been shown to significantly influence a variety of physical and 
chemical properties of the wood. Aspen (Populus tremuloides) and hemlock (Tsu-
ga canadensis) strands underwent HWE at 160°C and four extraction times. The 
weight loss (WL) associated with the processes ranged from 2.9% to 17.3% for 
the aspen, and from 2.9% to 12.8% for the hemlock. The higher WL associated 
with the hardwood was attributed to higher hemicellulose content in the hardwood 
than in the softwood and differences in compositions.  
Substantial increases in cell wall hardness (up to 34%) and MOE (up to 
28%) were obtained at the intermediate extraction conditions. Extended exposure 
conditions resulted in decreases. The axial MOE of strands showed significant dif-
ferences only in aspen. These changes are hypothesized to be related, in part, to 
changes in cellulose crystallinity.    
 
Keywords:  Cell wall properties, cellulose crystallinity, hot water extraction, 
nanoindentation, weight loss, Young’s modulus.    
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7.2. Introduction 
The United States consumes about 24% of the world's petroleum; about 
60% of which is imported (DOE 2008). A small fraction of oil produced comes 
from biomass, mostly corn, but this resource is limited and also used as food. The 
short-term vision for biofuels involves  employing a variety of biomass feeds-
tocks, including wood and integrating several conversion technologies to simulta-
neously produce wood products (e. g. OSB, paper, etc) and biofuels (e.g. ethanol).  
The extraction of wood sugars (hemicelluloses) must be done using temperatures 
over 140ºC (Sattler et al 2008, Paredes et al 2008, 2009a), but many studies have 
reported that the treatment of wood at high temperatures results in a reduction of 
strength (Mitchell 1988, Yildiz et al 2005, Hill 2006, Sattler et al 2008).   
Earlier evaluations of the physical and mechanical properties of oriented 
strand board (OSB) produced from hot water-extracted red maple. It was found 
that a 17% weight loss (WL) resulted in significant reductions in internal bond 
(IB), modulus of rupture (MOR), and flexural modulus of elasticity (MOE) re-
mained unchanged (Paredes et al 2009a). When southern yellow pine (SYP) was 
extracted at a 9% WL, MOE showed a significant increase while MOR and IB 
had a no significant slight decrease (Paredes et al 2009a). Other studies where 
wood was treated at high temperature showed a slight increase in MOE for short 
extraction time resulting in 8% WL, but as the time was extended the MOE de-
creased (Rusche 1973, Hill 2006). The properties of OSB can be further manipu-
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lated, depending on the conditions under which the material is manufactured 
(Gardner et al 1993, Kamke et al 1998).   
The mechanical properties of OSB are influenced by phenomenon at mul-
tiple scales including: the panel, strand, cell wall, and molecular (polymeric) le-
vels.  At the panel level, the mechanical properties of OSB are affected by a broad 
number of factors such as material properties (e.g. species), resin system, and 
manufacturing procedures. Each component complements and affects the others 
in so many complex ways that it is difficult to determine the effect of individual 
variables in isolation.  
At the strand and wood cell-wall level, however, mechanical performance 
can be isolated from the influence of OSB manufacturing variables somewhat 
simplifying analysis. Axial MOE determination using dynamic mechanical analy-
sis (DMA) along with nanoindentation measurements can be used in understand-
ing the mechanical response. This research focused on determining the influence 
of WL in the mechanical properties of wood cell walls at the strand level, which 
may have contributed to the changes in the previously mentioned research.     
7.3. Material and Methods 
7.3.1. Hot Water Extraction  
In OSB manufacture, soft and hardwood species are used. There is a dif-
ference in their chemical composition (Fengel and Wegener 1984) and wood 
properties. To provide a more complete understanding of strength between them 
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hemlock (Tsuga canadensis) and aspen (Populus tremuloides) were chosen. Hem-
lock and aspen trees had a 12.4 m height and 22.8 cm diameter and 13.3 m height 
and 21.6 cm diameter, respectively. Each tree was felled and trimmed into logs of 
4 feet long. After that they were manually debarked, they were used to create 10.2 
± 0.2 cm strands with a target thickness of 0.81 ± 0.05 mm using a Carmanah 
12/48 ring-strander.  A counterknife angle of 70 degrees was used at a ring speed 
of 638 rpm.  The majority of fines were removed using an Acrowood Trillium and 
Diamont Roll combination screen. 
Strands were conditioned in a dehumidification dry kiln, at 50°C and a rela-
tive humidity (RH) of 80% for 6 days until constant weight was attained.  The av-
erage MC of the strands was of 14.5 ± 0.3%.    
Hot water extraction (HWE) has been successfully used to remove sugar 
(hemicelluloses) from wood by several researchers (Sattler et al 2008, Paredes et al 
2008, Tunc and van Heiningen 2008). The strands were treated with a HWE 
process conducted at 160°C and four extraction times. They were placed in 300 g 
batches (oven dry basis) inside a digester, previously filled with fresh water a ratio 
of 6:1 (water : wood). In the calculation of this ratio was included water came from 
MC. The vessel was heated from room temperature to 160°C in 50 minutes (preheat-
ing time), followed by constant temperature exposure times of 0, 25, 45 or 90 mi-
nutes. These four extraction conditions were equated to a severity factor (SF) 
through the use of Equation 21 (Overend and Chornet 1987, Mosier et al 2002). 
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                                       Eq.   21 
where, t is the residence time (min), Tr is the reaction temperature (°C), and 
Tb is the base temperature at 100 °C. The temperature difference is 14.75 (°C) 
derived from , assuming that the overall process is hydrolytic and the 
overall conversion is pseudo first order (Overend and Chornet 1987, Mosier et al. 
2002). Bonds on SF equation are from 0 (unextracted wood) to 4. Using Equation 
21 a SF of 2.72, 3.38, 3.56 and 3.84 was calculated for 0, 25, 45 and 90 min 
extraction times, respectively. Strand weight loss (WL) as a result of the extraction 
process was determined for each extraction run by freeze drying the extracted liquid, 
temperature -42°C and between 1.3 and 1.5 Pa vacuum for approximately 48 hours 
(Paredes et al 2008).  
After the extraction process, all strands were conditioned in an 
environmental chamber, at 21°C and a relative humidity (RH) of 65% for 15 days.  
7.3.2. Nanoindentation Procedure 
Theory: With indents approximately 1 µm across, nanoindentation is well 
suited to probe the mechanical properties of the micron-sized domains in wood and 
has yielded numerous valuable results in wood science research over the past decade 
(Wimmer and Lucas 1997, Konnerth and Gindl, 2006, Tze et al 2007).  In this in-
vestigation, we aim to use nanoindentation to measure the effects of HWE extraction 
on the longitudinal elastic modulus and hardness of S2 cell wall laminate (SCWL) of 
trachieds in hemlock and fiber cells in aspen. A nanoindentation experiment consists 
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of pressing a carefully shaped diamond tip into a material to a prescribed load while 
continuously recording the depth and displacement.  From a nanoindent, the Meyer’s 
hardness (H) is defined as 
               Eq.   22 
Where P0 is the maximum load and A is the contact area of the nanoindent.  
The contact area can be calculated based on a contact depth and an indenter shape 
function (Oliver and Pharr 2004), or directly measured from an image of the residual 
indent impression after the indenter is removed (Jakes et al 2008, 2009). In this 
work, we will rely upon A measured directly from images.  
In the nanoindentation experiment, the elastic properties of the material are 
captured by the initial slope of the unloading portion of a load-depth trace that has 
been corrected for external compliances (explained below). The inverse of the ini-
tial unloading slope is the contact compliance, Cp, which is the compliance attri-
butable to the specimen and indenter tip.  The Cp is related to the effective mod-
ulus, Eeff, through   
                 Eq.   23 
For indentation against a homogenous, isotropic, elastic half-space, 
        Eq.   24 
where sE  and dE  are Young’s moduli and sν  and dν  are Poisson’s ratios 
of specimen and indenter, respectively. β  is a numerical factor, which is set equal 
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to 1.23 (Jakes et al 2008). To calculate sE  in this study, Ed and νd for the diamond 
tip were taken to be 1137 GPa and 0.07, respectively. The value of Poisson’s ratio 
used for SCWL was assumed to be 0.45 (Wimmer et al 1997).  
The load-depth trace must be corrected for external compliances, namely the 
machine compliance, Cm, and structural compliance, Cs (Jakes et al 2008, 2009), be-
fore the elastic modulus can be accurately determined. The Cm arises from displace-
ments in the load frame of the nanoindenter and is a constant for every nanoindenta-
tion performed. There are established methods to measure Cm. The Cs arises from 
heterophase interfaces near the nanoindents and specimen-scale flexing and can vary 
sensitively as a function of position within a specimen (Jakes et al 2008, 2009). An 
indent placed in the SCWL is in close proximity to heterophase interfaces, such as 
the interface between the cell wall lamina and middle lamella or free edge between a 
cell wall lamina and empty lumen. In addition, wood is an open cellular structure 
which may flex when a single cell wall is loaded. Therefore, to accurately calculate 
the elastic modulus from nanoindentation experiment performed on the SCWL, the 
load-depth traces must be corrected for Cs using the methods of Jakes and coworkers 
(2008, 2009). The Cs and Cm behave similarly and the sum of these external com-
pliances ( sm CC + ) can be determined at each indent location using SYS correlations 
constructed from the data from multiload indents. The SYS correlation (Jakes et al 
2008, 2009) is given by  
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         Eq.   25 
where Ct is the total compliance from the uncorrected curve and Eeff is the 
effective modulus. If H1/2/Eeff and sm CC +  are independent of load, then 2/10t PC  
plotted as a function of 2/10P  forms a straight line of slope sm CC + . sm CC +  can 
then be used to correct the load-depth trace.   
Specimen preparation: Transverse cross sections in the latewood of hem-
lock and aspen were prepared for nanoindentation experiments.  Previous re-
searchers (Wimmer and Lucas 1997, Konnerth and Gindl, 2006, Tze et al 2007) 
first embedded wood specimens in epoxy to aid in sectioning.  However, it is un-
certain if the epoxy embedment infiltrates the cell walls. In addition, Paredes et al 
(2009) observed that the size of pores in the cell walls of red maple (Acer rubrum 
L.) increased with SF in HWE strands. This suggests the effect of epoxy embed-
ment could change with increasing SF, masking real changes to cell wall proper-
ties caused by HWE. To eliminate the possibility of any undesired modification 
caused by the epoxy, we used a specimen preparation method which did not use 
embedment.  An approximately 7 x 3 mm (longer dimension corresponds to longi-
tudinal direction) was cut from a strand with a hand razor and adhered to a steel slug 
using a fast cure adhesive (Figure 33). 
 
 142 
 
 
Figure 33 Typical specimen preparation method for nanoindentation. 
The adhesive did not penetrate the cells that were tested. The steel slug was 
fit into a sledge microtome fit with disposable microtome blades and a gently slop-
ing apex (~15º) was created in the transverse cross section. The slug was then 
mounted in an ultramicrotome equipped with a diamond knife and the apex was cut 
off, revealing a surface approximately 0.5 mm2 that was suitable for nanoindenta-
tion experiments. 
Nanoindentation procedure: Nanoindentation experiments were performed 
with a Hysitron (Minneapolis, Minnesota, USA) Triboindenter equipped with a 
Berkovich tip and operated in force control. The multiload indent load function 
consisted of 1 s loading segments, 10 second holds at partial loads, 1 s unloading 
segments, and 5 second holds at partial unloads.  There were seven loading seg-
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7.3.3. Axial Elastic Modulus of Wood Strands Procedure 
A small wood strand (beam) 28 mm long (22 mm span), 4.2 ± 0.3 mm wide 
was cut in the longitudinal direction (zero degree grain angle). Thickness was of 
0.8 ± 0.1 mm for aspen and 0.7 ± 0.1 mm for hemlock. Earlywood and latewood 
were identified and measured, with an average earlywood portion approximately 
92%, for both  aspen and hemlock. All specimens were subjected to three- point 
bending using a Rheometrics Dynamic Mechanical Thermal Analysis (DMTA) 
instrument model IV. The test temperature was 21.7 ± 0.3ºC with a constant strain 
rate of 1.1 x 10-4 mm/s. This strain rate was obtained from a previous test.   Im-
mediately prior to testing each sample was weighed using an Ohaus laboratory 
balance with precision of 1 x 10-4 g and measured using a Mitutoyo digital caliper 
with precision of 1 x 10-5 mm. As soon as flexural test was completed, the speci-
mens were oven dried at 103°C for 24 hours to determine the MC and density.  
7.3.4. X-Ray Diffraction  
Three strands were randomly selected from each species group and from the 
four SF and control conditions. Individual samples of 0.8 x 25.4 x 25.4 mm were 
trimmed and scanned using a Panalytical X’Pert XRD machine. The θ-2θ diffraction 
scans were performed using a graded multi-layer parabolic X-ray mirror and 0.18° 
parallel plate collimator in quasi-parallel beam geometry. The step size was 0.1 mm 
with a total range of 5-32°. Peaks were fitted to the scans using the program Profile 
Fit (Panalytical, the Netherlands, 1999, version 1.0C). The integrated areas of the 
fitted peaks were used to determine percent crystallinity according to previously 
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described methods (Howell et al 2009). Cross-sectional width of the crystalline 
regions was determined using the Scherrer formula 
     Eq.   26 
Where Xs is the width (nm), λ the wavelength of the X-ray source, B is the 
full width at half of the maximum of the peak (rad), and 2θ the angle between the 
source and the sample (rad). The  Rietveld analysis method of analysis (Rietvlend 
1967, Rietvled 1969) with the recently published crystalline structure of cellulose 
Iβ (Nishiyama et al. 2002) was also performed to verify the results using the 
program HighScore Plus (Panalytical, the Netherlands, 2006, version 2.2).  
 7.4. Results and Discussion 
Weight loss (WL) response was analyzed using (Table 23).Results showed 
statistical differences in both SF and species (p-value 0.0001). At the highest SF of 
3.84 the highest WL occurred, 17.4 and 12.8%, for aspen and hemlock, 
respectively. 
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Table 23 Weight loss results of softwood (hemlock) and hardwood (aspen) 
from four different severity factors are based on three replicas.  
Factors / Levels Count Mean (%) p- value 
Aspen 
2.72 3 2.921 ± 0.14  A 
0.0001 
3.38 3 11.41 ± 0.74     B 
3.56 3 13.58 ± 0.85        C 
3.84 3 17.29 ± 0.36           D 
Hemlock 
2.72 3 2.94 ± 0.15  A 
0.0001 
3.38 3 7.76 ± 0.32      B 
3.56 3 10.14 ± 0.71       C 
3.84 3 12.81 ± 0.36           D 
Main effects 
A: SF 3 0.0001 
B: Specie 1 0.0001 
Interactions 
AB 3                                    0.0001 
1 Mean value ± 2 standard deviations (95% confidence interval) 
 ABCD:  Bonferroni multiple-comparisons at the 95.0% confidence level. 
 
These results are consistent with other hard and softwood species (Hill 
2006). There are two factors associated with the higher WL of hardwoods compared 
to softwoods; (1) Hardwood are less thermally stable than softwoods. Ramiah and 
Goring (1967) studied the thermal degradation of isolated birch xylan and a 
spruce glucomannan, by determining the rate of gas evolution from the heated 
samples. These experiments showed that the hardwood xylan was less thermally 
stable than the softwood hemicelluloses. (2) The hemicellulosic content and 
composition in hardwoods have higher acetyl content than the softwood (Fengel and 
Wegener 1984). This experiment confirms that aspen has a higher acetyl content 
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than hemlock, 3.4 vs 1.7%, respectively (Rowell 2005). According to Tunc and van 
Heiningen (2008), the analysis of the liquid extract at 150°C (hot water extraction) a 
mixture of southern hardwoods showed that the pH decreased as the SF increased. 
This was consistent with the generation of acetic acid. 
This acetyl content is the principal origin of acid formation when wood is 
soaked in water and is exposed to temperatures over 140ºC. These conditions cause 
cellular breakdown and production of condensable fractions, with significant loss of 
hemicelluloses, a small percent of lignin, constitution water and volatile extractives 
due to the production of organic acids, mostly acetic acid (Hill 2006, Tunc and van 
Heiningen 2008, Borrega and Karenlampi 2008). 
In softwood species, the acetic groups contain galactoglucomannan, com-
prising 5 -10% of its oven dry weight, with an average of one acetyl group for every 
four backbone units (Sjöström 1993). In hardwoods, acetic acid comes from xylans, 
20-30% of its oven dry weight, contains an average of seven acetyl groups for every 
10 xylose units. 
  Another factor that contributes to cellular breakdown of hemicelluloses is 
their association (chemical and physical) to cellulose through hydrogen bonds with 
lignin is bonded to cellulose through covalent bonds (Fengel and Wegener 1984). 
Tunc and van Heiningen (2008) reported that the HWE of a mixture of southern 
hardwoods at 150°C had a higher percent of hemicellulose than lignin. The WL at a 
15 min (extraction time) was 3% (oven dry basis), 2% hemicellulose and 1% lignin. 
At 500 min there was a 26.4% WL, 19.7% hemicellulose and 3.6% lignin. The most 
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highly extracted hemicellulose was xylan, which increased as the extraction time 
was extended. Chapter 6 was concluded that the hemicellulose extracted from 
southern yellow pine (softwood), had a higher percentage of galactoglucomannans 
extracted (galactose, glucose, and mannose) than xylan, which also increased as the 
SF increased.     
The properties of wood are highly dependent on their constituent polymers; 
cellulose, hemicellulose, and lignin. Thus, mechanical properties of the wood cell 
wall were quantified, specifically in the S2 layer of latewood cells, using 
nanoindentation. The results of the nanoindentation measurements are presented in 
Table 24. 
Table 24 Changes of hardness and MOE as result of hot water treatment at dif-
ferent SFs. These values were obtained using nanoindentation tech-
niques from S2 layer of latewood (cell wall).  
Treatment 
Aspen Hemlock 
Hardness (MPa) MOE (GPa) Hardness (MPa) MOE (GPa) 
Control  403(1)  ± 30 A B 13.6 ± 1 A  B 464  ± 22 NS    12 ± 1 A 
SF 2.71     399  ± 48 A  12.2 ± 2 A 464  ± 21 NS 14 ± 1    B 
SF 3.38     447  ± 59     B C 15.5 ± 2      B  C 475  ± 17 NS 15 ± 2    B 
SF 3.56     539  ± 44         C 17.4 ± 2      C 472  ± 30 NS     12 ± 2 A 
SF 3.84     491  ± 47         C 15.9 ± 3      C 455  ± 32 NS     12 ± 3 A 
(1)Mean is in mg/kg wood 
 A B C: Bonferroni multiple-comparisons, at the 95.0% confidence level 
 NS: not significant at 0.05 probability level.  
 
For aspen,  Meyer’s hardness and modulus of elasticity (MOE) were  
significantly increased as SF increased until a SF 3.56 was reached, after which 
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continued increases in SF  produced a reduction of both properties. With  hemlock, 
however,  SF did not significantly affect hardness, while MOE significantly 
increased with SF until a SF 3.38, after which increasing SF was caused a reduction 
in this property.  
The axial elastic modulus of mostly (92%) earlywood strands tested using 
DMTA is shown in Table 25. 
Table 25 Axial elastic modulus of wood strands, containing around 92% of ear-
lywood, as result of hot water treatment at different SFs. Those results 
were obtained using DMA device. 
Treatment 
Aspen Hemlock 
D (kg/m3) MC (%) MOE (GPa) D (kg/m3) MC (%) MOE (GPa) 
Control  403(1) ± 22 NS  6.4 ± 0.9 A  5.0 ± 0.6      B  C 341 ± 23 NS 6.5 ± 1.0 A 3.0 ± 1.0 NS 
SF 2.71    407 ± 22 NS  6.0 ± 0.9 A  B  6.0 ± 1.4  A 321 ± 28 NS 5.8 ± 1.1 A B 2.8 ± 1.2 NS 
SF 3.38    408 ± 44 NS  5.5 ± 1.1 A  B  4.9 ± 0.7      B 318 ± 60 NS 5.5 ± 1.4 A B 2.9 ± 0.9 NS 
SF 3.56    385 ± 39 NS  5.2 ± 0.6      B C  5.0 ± 1.1      B  C 307 ± 40 NS 5.3 ± 1.1      B C 2.8 ± 0.9 NS 
SF 3.84    404 ± 41 NS  4.1 ± 0.5      C  3.0 ± 1.0          C 325 ± 54 NS 4.5 ± 0.9         C 2.9 ± 1.0 NS 
D: Density at test time, MC: Moisture Content at test time 
 (1)Mean is in mg/kg wood 
 A B C: Bonferroni multiple-comparisons, at the 95.0% confidence level 
NS: not significant at 0.05 probability level.  
 
Only aspen saw a statistically significant reduction for aspen at a SF of 3.84 
while the control and the lower SFs were statistically homogenous groups. For 
hemlock there were no statistical differences for MOE among treatments. The 
flexural MOE for solid wood reported at 12% MC by the Forest Products 
Laboratory (1999) for Aspen and hemlock is 9.9 and 8.3 GPa, respectively. These 
values approximate the average control MOE values reported in Table 24 and Table 
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25 from nanoindentation and DMTA measurements. In both, nano-indentation and 
DMTA test an assumption was made that the samples had similar MC as they had 
been conditioned together. Note, however, that the MC decreased with increasing 
SF, indicating lower equilibrium moisture content (EMC) conditions for extracted 
strands (Table 24). While these differences in MC can influence the mechanical 
performance, this study found no significant effect of MC.  
Anatomical structural differences of wood also affect mechanical 
performance. The MOE derived from nanoindentation was higher than from DMTA 
due to that the nanoindentation was done in the S2 layer of latewood while DMTA 
tests were done using mostly earlywood. According to Cramer et al (2005), the 
differences in elastic properties between earlywood and latewood are due to the 
latter’s higher density, lower microfibril angle (MFA), larger cell wall diameter, and 
thicker cell wall. Larson et al (2001) found that the density of earlywood is around 
280 kg/m3 while latewood is about 600 kg/m3. In addition, Cramer et al (2005) 
found that elastic properties of earlywood (EW) vs. latewood (LW) varied by up to 
2.7 (LW/EW). In this experiment, the ratio of LW/EW was 3.0 and 4.2 for aspen and 
hemlock, respectively. However, Biblis (1969) found a ratio of LW/EW as high as 7 
when studying variation in specific gravity and MOE among the earlywood and 
latewood. Groom et al (2002) reported that the stiffness of latewood increased from 
6.6 to 27.5 GPa as the ring number increased from the pith outwards. 
As mentioned, much of the mechanical behavior of wood is governed by its 
polymers.  Late and earlywood differ somewhat in their chemical compositions. In 
softwood, latewood contains more galactoglucomannans than earlywood, while 
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earlywood has more xylans and lignin than latewood (Rowell 2005). However, in 
softwood the cellulose content in both regions is similar (Rowell 2005). A study 
indicates that the MOE of extracted xylan was 8 GPa (dry) and 10 MPa (wet) 
(Cousins 1978). Isolated glucomannan had a modulus around 2 GPa (dry) and 20 
MPa (wet) (Salmen 2004). Cousins (1077) reported MOE values of isolated lignin 
between 4 - 7 GPa.  The amorphous matrix of hemicellulose and lignin is embedded 
in cellulose, the latter being the contributor to the strength properties of wood. 
Theoretical estimations have concluded that the MOE of cellulose is 134 to 136 Gpa 
(Salmen 2004). Others factors that govern the longitudinal elasticity of wood are 
cellulose content, the microfibril angle (MFA), and the degree of crystallinity of 
these cellulose microfibrils, all of which can vary considerably within a single tree 
or following wood modification (Gindl et al 2004, Salmen 2004). 
X-ray diffraction was used to investigate the change in the degree of 
crystallinity during the HWE process. Both species at initial stages of HWE showed 
an increase in the crystallinity up to a SF of 3.56.  As extraction time was extended 
further, however, the degree of crystallinity began to decrease (Figure 35). 
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Figure 35 Influence of hot water extraction in degree of crystallinity following 
different severity factor conditions.  
 This decrease may be related to a thermal decomposition of the cellulose 
(Hirai 1972). There was a significant difference in crystallinity only for aspen (p = 
0.0076) relative to the controls.  There was no significant difference in percent 
crystallinity relative to the unextracted controls for hemlock even at the highest 
severity (p = 0.0490). According to studies on the effect of heat on wood and pure 
cellulose under moist and dry conditions done by Bhuiyan et al (2000), wood 
cellulose has more crystallization that pure cellulose under both moist and dry 
conditions.  The greatest increase in crystallinity in these studies was found when the 
wood cellulose samples were heated under moist conditions. The changes in 
crystallinity were explained as crystallization in quasicrystalline or sub- crystalline 
structures due to rearrangement or reorientation of celluloses and hemicelluloses 
molecules, rather than loss of amorphous material. This is in agreement with the 
recent model of microfibrils proposed by Ding and Himmel based on direct 
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visualization of the cellulose microfibrils in corn using Atomic Force Microscopy 
(Ding and Himmel 2006).   
The properties of the cell wall are dominated by the S2 layer, since it is the 
thickest layer of cell wall and has higher cellulose content (58%) than the other 
layers (35%) (Wood and Goring 1971, Fengel and Wegener 1984, Evans et al 1996). 
The MFA has been shown to affect elastic properties (Gindl 2004). It has also been 
found that subjecting wood to heat significantly increases the crystallinity (Bhuiyan 
et al 2000). There is evidence that the change of crystallinity significantly influences 
the elasticity of wood (Gardner et al 1993). Based on this, the degree of crystallinity 
versus MOE was plotted using the data obtained from the crystallinity and 
nanoindentation test. A weak correlation was found, determined by a second order 
polynomial regression with a calculated coefficient of determinations ( r2) of 63.4 for 
hemlock and 69.8 for aspen (Figure 36). 
 
Figure 36 MOE (nanoindentation) of the cell wall (S2 layer in latewood) as a 
function of degree of crystallization. The polynomial equation for the 
curve was adjusted using quadratic regressions, with a r2 of 63.4% for 
hemlock and 69.8% for aspen.   
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In conjunction with explaining the influence of HWE on MOE, it can be 
speculated that other factors, in improved crystallization through HWE, are affecting 
the elasticity of wood. Among these factors might be: (1) The creation of micro-
buclkling associated with mass loss by HWE. This micro-bucking was evidenced by 
Paredes et al (2009) when pore size and distribution of red maple (Acer rubrum) 
HWE strands were measured. There was found that the size of the cell-wall pore 
structure increased by 22.2% after HWE and scanning electron microscopy (SEM) 
showed that the number of pores in the cell wall increased as SF increased. (2) 
Changes in the degree of polymerization, along with other chemical and physical 
changes during HWE, (3) The conversion of cellulose I into cellulose II. Tashiro and 
Kobayashi (1991) calculated that the axial Young’s modulus of cellulose changed 
from 167.5 GPa for Cellulose I to 162.1 GPa for Cellulose II. However, this 
conversion can be clearly seen in X-ray diffraction spectra as a change in the 
location of the major peaks along the θ-2θ axis.  This was not observed in these 
experiments, ruling out the possibility of a conversion from Cellulose I to 
Cellulose II.    
7.5. Conclusions 
Understanding the mechanical properties of wood at different level and 
HWE conditions is important in developing high strength materials and by-
products. The general tendency was that aspen (hardwood) had greater WL than 
hemlock (softwood) at every SF. The elasticity of wood saw greater increases in 
the S2 layer of latewood than earlywood in both species. However the MOE of 
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aspen latewood had a maximum 28% increase of while the MOE of hemlock had 
a 22% increase at a SF of 3.56 and 3.38, respectively. Followed by a reduction in 
MOE at the highest SF. Crystallization played an important role in the increase in 
mechanical properties of the cell wall, but it had a reduced correlation.  Based on 
these data, it can be concluded that a WL between 10 to 13% is optimal for both 
woods, to maximize extraction and mechanical properties. 
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CONCLUSIONS AND RECOMENDATIONS 
The thesis investigated the change in wood properties and composite be-
havior over a broad interval of weight loss (up to 17%) for both for soft- or hard-
wood. The knowledge of the modification of wood strands by HWE on the physi-
cal and mechanical properties is crucial to optimize the properties for end uses. 
Optimization of hot water extraction (HWE) would improve the physical and me-
chanical performance of extracted OSB. 
Based on the results from the study, the following conclusions can be 
made: 
At lower extraction conditions, up to 6% WL, wood exhibited minor 
changes in softwood (southern yellow pine and hemlock) and hardwood (aspen 
and red maple) species. In the thickness swell, water absorption, and flexural 
properties of oriented strandboard (OSB) form southern yellow pine (SYP) were 
similar or exhibited small increases compared to control.  At this extraction level, 
the amounts of chemical components removed, mostly hemicelluloses were small. 
For this reason, select volatile organic component (VOC) emissions were mod-
erately reduced at this extraction condition. Sorption isotherms had a significant 
decrease for softwood (hemlock) and hardwood (aspen) species.  The modulus of 
elasticity of the cell wall and individual strands had slight increases for both soft-
wood and hardwood species studied. The effect of hot water extraction on adhe-
sion-related characteristics of red maple strands shown no significant cell-wall 
damage evidenced by pores, similar porosity and liquid penetration as control. 
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The dispersive surface energy increased more than control. The IGC measure-
ments indicated a greater basic characteristic at this extraction condition than the 
control or higher extraction conditions for this specie. 
At intermediate hot water extraction conditions, from 8 to 12% WL, large 
changes in the wood properties for softwood (SYP and hemlock) and hardwood 
(aspen) species occur.  The properties of panel for SYP exhibited better dimen-
sional stability, lower equilibrium moisture content (EMC), lower water adsorp-
tion, lower thickness swell, lower select VOC emissions, more hemicellulose ex-
tracted, similar flexural properties in dry and better flexural properties in wet con-
dition than control or lower extraction conditions. Bond quality had a similar per-
formance as the control. Sorption isotherms for softwood (hemlock) and hard-
wood (aspen) species had a significant decrease.  The elastic and hardness proper-
ties of cell wall for hardwood (aspen) and softwood (hemlock) species were 
measured in latewood. They were significantly better than the control or lower 
extraction condition. This was hypothesized to be related to increased cellulose 
crystallinity. The axial elastic modulus was tested in earlywood. In hemlock and 
aspen strands, it was not influenced by hot water extraction because it had a simi-
lar performance as control.  The intermediate hot water condition was concluded 
that is more appropriated for softwood species. Due to that the properties of panel, 
strand, and cell wall were improved compared with the control or lower extraction 
levels. However, the physical and mechanical properties of hardwood species stu-
died were improved, but adhesion characteristics related a poor bondage.   
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When the extraction level was increased to a WL above 12%, a major de-
crease was obtained in all mechanical and adhesives properties. However, the 
physical (e.g. dimensional stability) properties were slightly improved.  In red 
maple extracted OSB panel, the mechanical properties and bond quality exhibited 
lower values than control in dry or wet condition. The dimensional stability, 
EMC, and thickness swell had better results than control. The effect of hot water 
extraction on adhesion-related characteristics of red maple OSB strands shown 
cell-wall damage evidenced by pores, an increased in porosity and faster liquid 
penetration as severity extraction condition increased. The dispersive surface 
energy increased as more hemicelluloses were removed. Sorption isotherms for 
softwood (hemlock) and hardwood (aspen) species had a large decrease compared 
with control or lower extraction conditions.  The elastic and hardness properties 
of cell wall for hardwood (aspen) and softwood (hemlock) species were signifi-
cant lower than the control or lower extraction condition. This was that due to a 
cellulose decrystallization process. The axial elastic modulus for hemlock strand 
was not influenced by hot water extraction while that for aspen strand had a simi-
lar performance as control but lower modulus than the lower or middle extraction 
conditions.  This extraction condition was concluded that is less appropriated for 
soft- or hardwood species.  
Under hot water extraction (HWE), the properties of wood changes in 
ways that improved its properties when the levels extraction were lower to mid-
dle, but almost all wood properties were same or lower that control when the level 
extraction were extended. The hardwood species of this research had in general 
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better increases in their wood properties that softwood species. Internal bond 
strength (IB) and surface-free energy of red maple related a significant decrease 
of bond quality. Even at lower conditions of extraction, the bond quality could 
affect the panel properties due to basic characteristic related by IGC measure-
ments. This basic characteristic could affect directly the chemical reaction be-
tween the resin and wood elements of hardwood species.     
The ability to manufacture lower density panels with same size and me-
chanical properties appears feasible in order to compensate the material extracted.  
The recommendations concerns to reduce the OSB density due to increase of 
modulus of elasticity and the improvement of resin system for hardwood species 
can be seen as starting points for new experiments that focus on the development 
of wood composites.  
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Appendix A. Hot Water Extractor of University of Maine.  
  
Figure A1 Custom designed rotating extractor 
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Appendix B. Nominal EMC Values 
Table B1 EMC data for extracted hardwood  
Wood 
type 
Tempera-
ture (°F) 
Relative Humidity (%) 
30 35 40 45 50 55 60 65 70 75 80 85 90 95 98 
U
ne
xt
ra
ct
ed
 W
oo
d 
60 6.2 7.0 7.7 8.5 9.3 10.2 11.2 12.2 13.4 14.8 16.3 18.2 20.4 23.1 25.0 
70 6.1 6.9 7.6 8.4 9.2 10.1 11.0 12.1 13.3 14.6 16.2 18.0 20.3 23.1 25.1 
80 6.0 6.7 7.4 8.2 9.0 9.9 10.8 11.8 13.0 14.4 15.9 17.8 20.1 22.9 25.0 
90 5.8 6.5 7.2 8.0 8.8 9.6 10.5 11.6 12.7 14.1 15.6 17.5 19.8 22.7 24.8 
100 5.7 6.3 7.0 7.7 8.5 9.3 10.2 11.2 12.4 13.7 15.3 17.1 19.5 22.4 24.5 
110 5.5 6.1 6.8 7.5 8.2 9.0 9.9 10.9 12.0 13.3 14.9 16.7 19.1 22.0 24.2 
120 5.3 5.9 6.5 7.2 7.9 8.7 9.6 10.5 11.6 12.9 14.4 16.3 18.6 21.6 23.8 
130 5.0 5.7 6.3 6.9 7.6 8.4 9.2 10.1 11.2 12.5 14.0 15.8 18.1 21.1 23.3 
140 4.8 5.4 6.0 6.6 7.3 8.0 8.8 9.8 10.8 12.0 13.5 15.3 17.6 20.6 22.8 
150 4.6 5.2 5.7 6.3 7.0 7.7 8.5 9.4 10.4 11.6 13.0 14.8 17.0 20.0 22.3 
160 4.4 4.9 5.5 6.0 6.7 7.3 8.1 9.0 9.9 11.1 12.5 14.3 16.5 19.4 21.7 
170 4.1 4.7 5.2 5.7 6.3 7.0 7.7 8.6 9.5 10.7 12.0 13.7 15.9 18.8 21.1 
180 3.9 4.4 4.9 5.5 6.0 6.7 7.4 8.2 9.1 10.2 11.5 13.2 15.3 18.2 20.5 
W
L 
= 
8%
 
60 5.2 5.8 6.5 7.1 7.8 8.5 9.3 10.2 11.2 12.3 13.6 15.2 17.0 19.2 20.9 
70 5.1 5.7 6.4 7.0 7.7 8.4 9.2 10.1 11.1 12.2 13.5 15.0 16.9 19.2 20.9 
80 5.0 5.6 6.2 6.9 7.5 8.2 9.0 9.9 10.9 12.0 13.3 14.9 16.7 19.1 20.8 
90 4.9 5.5 6.1 6.7 7.3 8.0 8.8 9.7 10.6 11.7 13.0 14.6 16.5 18.9 20.7 
100 4.7 5.3 5.9 6.5 7.1 7.8 8.6 9.4 10.3 11.4 12.7 14.3 16.2 18.7 20.5 
110 4.6 5.1 5.7 6.3 6.9 7.5 8.3 9.1 10.0 11.1 12.4 14.0 15.9 18.3 20.2 
120 4.4 4.9 5.5 6.0 6.6 7.3 8.0 8.8 9.7 10.8 12.1 13.6 15.5 18.0 19.8 
130 4.2 4.7 5.3 5.8 6.4 7.0 7.7 8.5 9.4 10.4 11.7 13.2 15.1 17.6 19.4 
140 4.0 4.5 5.0 5.6 6.1 6.7 7.4 8.2 9.0 10.1 11.3 12.8 14.7 17.1 19.0 
150 3.9 4.3 4.8 5.3 5.8 6.4 7.1 7.8 8.7 9.7 10.9 12.3 14.2 16.7 18.6 
160 3.7 4.1 4.6 5.1 5.6 6.1 6.8 7.5 8.3 9.3 10.5 11.9 13.8 16.2 18.1 
170 3.5 3.9 4.3 4.8 5.3 5.9 6.5 7.2 8.0 8.9 10.0 11.5 13.3 15.7 17.6 
180 3.3 3.7 4.1 4.6 5.1 5.6 6.2 6.8 7.6 8.5 9.6 11.0 12.8 15.2 17.1 
W
L 
= 
10
%
 
60 4.9 5.5 6.1 6.8 7.5 8.2 9.0 9.9 10.9 12.0 13.3 14.8 16.7 18.9 20.5 
70 4.8 5.4 6.0 6.7 7.4 8.1 8.9 9.7 10.7 11.9 13.2 14.7 16.6 18.9 20.6 
80 4.7 5.3 5.9 6.5 7.2 7.9 8.7 9.6 10.5 11.7 13.0 14.5 16.4 18.8 20.5 
90 4.6 5.1 5.7 6.4 7.0 7.7 8.5 9.3 10.3 11.4 12.7 14.3 16.2 18.6 20.4 
100 4.4 5.0 5.6 6.2 6.8 7.5 8.2 9.1 10.0 11.1 12.4 14.0 15.9 18.3 20.1 
110 4.3 4.8 5.4 5.9 6.6 7.2 8.0 8.8 9.7 10.8 12.1 13.6 15.6 18.0 19.8 
120 4.1 4.6 5.1 5.7 6.3 7.0 7.7 8.5 9.4 10.5 11.7 13.3 15.2 17.6 19.5 
130 3.9 4.4 4.9 5.5 6.0 6.7 7.4 8.1 9.0 10.1 11.3 12.9 14.8 17.2 19.1 
140 3.7 4.2 4.7 5.2 5.8 6.4 7.1 7.8 8.7 9.7 10.9 12.4 14.3 16.8 18.7 
150 3.5 4.0 4.5 5.0 5.5 6.1 6.8 7.5 8.3 9.3 10.5 12.0 13.9 16.3 18.2 
160 3.3 3.8 4.2 4.7 5.2 5.8 6.4 7.2 8.0 9.0 10.1 11.6 13.4 15.9 17.7 
170 3.1 3.6 4.0 4.5 5.0 5.5 6.1 6.8 7.6 8.6 9.7 11.1 13.0 15.4 17.2 
180 3.0 3.4 3.8 4.2 4.7 5.2 5.8 6.5 7.3 8.2 9.3 10.7 12.5 14.9 16.7 
W
L 
= 
12
%
 
60 4.5 5.2 5.8 6.5 7.1 7.9 8.7 9.6 10.6 11.7 13.0 14.5 16.3 18.6 20.2 
70 4.5 5.1 5.7 6.3 7.0 7.8 8.5 9.4 10.4 11.5 12.8 14.4 16.2 18.6 20.2 
80 4.4 5.0 5.6 6.2 6.9 7.6 8.4 9.2 10.2 11.3 12.6 14.2 16.1 18.4 20.2 
90 4.2 4.8 5.4 6.0 6.7 7.4 8.1 9.0 10.0 11.1 12.4 13.9 15.9 18.3 20.0 
100 4.1 4.7 5.2 5.8 6.5 7.1 7.9 8.7 9.7 10.8 12.1 13.6 15.6 18.0 19.8 
110 3.9 4.5 5.0 5.6 6.2 6.9 7.6 8.4 9.4 10.5 11.8 13.3 15.2 17.7 19.5 
120 3.7 4.3 4.8 5.4 6.0 6.6 7.3 8.1 9.1 10.1 11.4 12.9 14.9 17.3 19.2 
130 3.6 4.1 4.6 5.1 5.7 6.3 7.0 7.8 8.7 9.8 11.0 12.5 14.4 16.9 18.8 
140 3.4 3.9 4.4 4.9 5.5 6.1 6.7 7.5 8.4 9.4 10.6 12.1 14.0 16.5 18.4 
150 3.2 3.7 4.1 4.6 5.2 5.8 6.4 7.2 8.0 9.0 10.2 11.7 13.6 16.0 17.9 
160 3.0 3.5 3.9 4.4 4.9 5.5 6.1 6.8 7.7 8.6 9.8 11.2 13.1 15.5 17.4 
170 2.8 3.2 3.7 4.2 4.7 5.2 5.8 6.5 7.3 8.2 9.4 10.8 12.6 15.0 16.9 
180 2.6 3.0 3.5 3.9 4.4 4.9 5.5 6.2 6.9 7.9 9.0 10.4 12.1 14.5 16.4 
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Table B2 EMC data for extracted softwood 
Wood 
type 
Tempera-
ture (°F) 
Relative Humidity (%) 
30 35 40 45 50 55 60 65 70 75 80 85 90 95 98 
U
ne
xt
ra
ct
ed
 W
oo
d 
60 6.2 7.0 7.7 8.5 9.3 10.2 11.2 12.2 13.4 14.8 16.3 18.2 20.4 23.1 25.0 
70 6.1 6.9 7.6 8.4 9.2 10.1 11.0 12.1 13.3 14.6 16.2 18.0 20.3 23.1 25.1 
80 6.0 6.7 7.4 8.2 9.0 9.9 10.8 11.8 13.0 14.4 15.9 17.8 20.1 22.9 25.0 
90 5.8 6.5 7.2 8.0 8.8 9.6 10.5 11.6 12.7 14.1 15.6 17.5 19.8 22.7 24.8 
100 5.7 6.3 7.0 7.7 8.5 9.3 10.2 11.2 12.4 13.7 15.3 17.1 19.5 22.4 24.5 
110 5.5 6.1 6.8 7.5 8.2 9.0 9.9 10.9 12.0 13.3 14.9 16.7 19.1 22.0 24.2 
120 5.3 5.9 6.5 7.2 7.9 8.7 9.6 10.5 11.6 12.9 14.4 16.3 18.6 21.6 23.8 
130 5.0 5.7 6.3 6.9 7.6 8.4 9.2 10.1 11.2 12.5 14.0 15.8 18.1 21.1 23.3 
140 4.8 5.4 6.0 6.6 7.3 8.0 8.8 9.8 10.8 12.0 13.5 15.3 17.6 20.6 22.8 
150 4.6 5.2 5.7 6.3 7.0 7.7 8.5 9.4 10.4 11.6 13.0 14.8 17.0 20.0 22.3 
160 4.4 4.9 5.5 6.0 6.7 7.3 8.1 9.0 9.9 11.1 12.5 14.3 16.5 19.4 21.7 
170 4.1 4.7 5.2 5.7 6.3 7.0 7.7 8.6 9.5 10.7 12.0 13.7 15.9 18.8 21.1 
180 3.9 4.4 4.9 5.5 6.0 6.7 7.4 8.2 9.1 10.2 11.5 13.2 15.3 18.2 20.5 
W
L 
= 
8%
 
60 6.1 6.8 7.6 8.3 9.1 10.0 10.9 11.9 13.1 14.4 15.9 17.7 19.8 22.4 24.3 
70 6.0 6.7 7.4 8.2 9.0 9.8 10.7 11.8 12.9 14.2 15.7 17.5 19.7 22.4 24.3 
80 5.9 6.6 7.3 8.0 8.8 9.6 10.5 11.5 12.7 14.0 15.5 17.3 19.5 22.2 24.2 
90 5.7 6.4 7.1 7.8 8.6 9.4 10.3 11.3 12.4 13.7 15.2 17.0 19.2 22.0 24.1 
100 5.6 6.2 6.9 7.6 8.3 9.1 10.0 11.0 12.1 13.4 14.9 16.7 18.9 21.7 23.8 
110 5.4 6.0 6.7 7.3 8.1 8.8 9.7 10.6 11.7 13.0 14.5 16.3 18.5 21.4 23.5 
120 5.2 5.8 6.4 7.1 7.8 8.5 9.3 10.3 11.3 12.6 14.1 15.8 18.1 20.9 23.1 
130 5.0 5.6 6.2 6.8 7.5 8.2 9.0 9.9 10.9 12.2 13.6 15.4 17.6 20.5 22.6 
140 4.8 5.3 5.9 6.5 7.2 7.9 8.6 9.5 10.5 11.7 13.2 14.9 17.1 20.0 22.1 
150 4.5 5.1 5.6 6.2 6.8 7.5 8.3 9.1 10.1 11.3 12.7 14.4 16.6 19.4 21.6 
160 4.3 4.8 5.4 5.9 6.5 7.2 7.9 8.8 9.7 10.8 12.2 13.9 16.0 18.9 21.1 
170 4.1 4.6 5.1 5.7 6.2 6.9 7.6 8.4 9.3 10.4 11.7 13.4 15.5 18.3 20.5 
180 3.9 4.4 4.9 5.4 5.9 6.5 7.2 8.0 8.9 10.0 11.3 12.9 14.9 17.7 19.9 
W
L 
= 
10
%
 
60 5.8 6.5 7.3 8.0 8.8 9.7 10.6 11.6 12.8 14.1 15.6 17.4 19.5 22.1 24.0 
70 5.7 6.4 7.1 7.9 8.7 9.5 10.4 11.5 12.6 13.9 15.4 17.2 19.4 22.1 24.0 
80 5.6 6.3 7.0 7.7 8.5 9.3 10.2 11.2 12.4 13.7 15.2 17.0 19.2 21.9 23.9 
90 5.4 6.1 6.8 7.5 8.3 9.1 10.0 11.0 12.1 13.4 14.9 16.7 18.9 21.7 23.8 
100 5.3 5.9 6.6 7.3 8.0 8.8 9.7 10.7 11.8 13.0 14.5 16.4 18.6 21.4 23.5 
110 5.1 5.7 6.4 7.0 7.7 8.5 9.4 10.3 11.4 12.7 14.2 16.0 18.2 21.0 23.2 
120 4.9 5.5 6.1 6.8 7.5 8.2 9.0 10.0 11.0 12.3 13.7 15.5 17.8 20.6 22.8 
130 4.7 5.3 5.9 6.5 7.2 7.9 8.7 9.6 10.6 11.9 13.3 15.1 17.3 20.2 22.3 
140 4.4 5.0 5.6 6.2 6.8 7.5 8.3 9.2 10.2 11.4 12.8 14.6 16.8 19.6 21.8 
150 4.2 4.8 5.3 5.9 6.5 7.2 8.0 8.8 9.8 11.0 12.4 14.1 16.3 19.1 21.3 
160 4.0 4.5 5.1 5.6 6.2 6.9 7.6 8.4 9.4 10.5 11.9 13.6 15.7 18.5 20.7 
170 3.8 4.3 4.8 5.3 5.9 6.6 7.3 8.1 9.0 10.1 11.4 13.1 15.2 18.0 20.2 
180 3.6 4.0 4.5 5.1 5.6 6.2 6.9 7.7 8.6 9.6 10.9 12.5 14.6 17.4 19.6 
W
L 
= 
12
%
 
60 5.5 6.2 6.9 7.7 8.5 9.4 10.3 11.3 12.5 13.8 15.3 17.0 19.2 21.8 23.7 
70 5.4 6.1 6.8 7.6 8.4 9.2 10.1 11.1 12.3 13.6 15.1 16.9 19.1 21.8 23.7 
80 5.3 6.0 6.7 7.4 8.2 9.0 9.9 10.9 12.1 13.4 14.9 16.7 18.9 21.6 23.6 
90 5.1 5.8 6.5 7.2 8.0 8.8 9.7 10.6 11.8 13.1 14.6 16.4 18.6 21.4 23.4 
100 4.9 5.6 6.3 7.0 7.7 8.5 9.4 10.3 11.4 12.7 14.2 16.0 18.3 21.1 23.2 
110 4.8 5.4 6.0 6.7 7.4 8.2 9.1 10.0 11.1 12.4 13.9 15.7 17.9 20.7 22.9 
120 4.6 5.2 5.8 6.4 7.1 7.9 8.7 9.7 10.7 12.0 13.4 15.2 17.4 20.3 22.5 
130 4.3 4.9 5.5 6.2 6.8 7.6 8.4 9.3 10.3 11.5 13.0 14.8 17.0 19.8 22.0 
140 4.1 4.7 5.3 5.9 6.5 7.2 8.0 8.9 9.9 11.1 12.5 14.3 16.5 19.3 21.5 
150 3.9 4.5 5.0 5.6 6.2 6.9 7.7 8.5 9.5 10.7 12.1 13.8 15.9 18.8 21.0 
160 3.7 4.2 4.8 5.3 5.9 6.6 7.3 8.1 9.1 10.2 11.6 13.3 15.4 18.2 20.4 
170 3.5 4.0 4.5 5.0 5.6 6.2 6.9 7.7 8.7 9.8 11.1 12.8 14.9 17.7 19.8 
180 3.3 3.7 4.2 4.7 5.3 5.9 6.6 7.4 8.3 9.3 10.6 12.2 14.3 17.1 19.2 
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